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In der zweiten Hälfte des 20. Jahrhunderts und während den ersten Jahren des 21. Jahrhunderts 
wurden zahlreiche Methoden zur Untersuchung mechanischer und tribologischer 
Materialeigenschaften auf der Mikro- und Nanometerskala entwickelt. Trotz der Fortschritte auf 
diesem Gebiet blieben vielfältige Fragestellungen unbeantwortet oder waren mit den 
vorhandenen experimentellen Untersuchungsmethoden nicht zugänglich. Mit der kombinierten 
Belastung aus Lateral- und Normalkräften wurden die etablierten Messverfahren um einen viel 
versprechenden Ansatz zur Charakterisierung mechanischer sowie tribologischer Eigenschaften 
erweitert, der sowohl für Massiv- als auch Schichtmaterialien anwendbar ist. Die einzigartige 
Konstruktion einer Lateralkrafteinheit bietet als separates Bauteil die Möglichkeit während eines 
Standardeindringversuches mittels des kommerziellen Nanoindenters UMIS 2000 bei normaler 
Last, eine laterale Belastung zu überlagern. Die vorliegende Arbeit zeigt eine detaillierte Studie 
der Einsatzmöglichkeiten der Lateralkrafteinheit hinsichtlich der Charakterisierung 
mechanischer Eigenschaften und tribologischen Materialverhaltens auf der Mikrometerskala. 
Zunächst wurde herausgefunden, dass eine Verkippung der Lateralkrafteinheit von 3,3° 
gegenüber dem UMIS-Rahmen notwendig ist, um eine hochgenaue und definierte Belastung aus 
lateraler und normaler Kraft auf die Probe auszuüben. Mit dieser durchgeführten Korrektur der 
Ausrichtung gelang es weitere auf den Messprozess einwirkende Effekte zu minimieren. 
Nach der Korrektur der thermischen Drift scheinen die gemessenen Normalverschiebungs-Zeit-
Kurven für die Bestimmung von mechanischen Parametern wie maximaler Verschiebung oder 
bleibender Eindrucktiefe bei lateraler Belastung geeignet zu sein. 
Als ein weiteres Ergebnis gelang es, durch die kombinierte Belastung der Kraftkomponenten 
Bruchversagen nachzuweisen. Das Materialversagen wurde durch eine abrupte Änderung der 
lateralen Verschiebung im Last-Verschiebungs-Diagramm angezeigt. Mit dieser Methode wurde 
erstmalig in-situ das Bruchversagen am Beispiel des einkristallinen Saphirs detektiert. Die 
kritische Zugspannung, die zur Bruchbildung bei Saphir führte, war 9,68 ± 0,22 GPa. 
Die Analyse der Kurvenform der Kraft-Verschiebungs-Kurven für die Lateralbelastung im 
Zusammenhang mit dem Auftreten von bleibender Deformation in den zugehörigen 
Verschiebungs-Zeit-Kurven der normalen Belastung liefert den Beginn der plastischen 
Deformation. Massive BK7-Glasproben sowie SiO2-Schichten wurden untersucht. Für die 
Fließspannung der SiO2-Schicht wurde ein Wert von 6,83 ± 0,02 GPa ermittelt. 
Der Haftreibungskoeffizient für verschiedene Materialpaarungen wurde aus den Last-
Verschiebungs-Kurven mit einer Genauigkeit von 5-10 % berechnet. Zu den untersuchten 
Materialien gehörten Quarz, einkristallines Saphir, BK7-Glas sowie SiO2-, DLC- und CrN0.08-
Schichten, die mit Diamant, Wolframkarbid und Saphir-Indentern gepaart wurden. Zusätzlich 
wurde der Einfluss der Normallast auf den Haftreibungskoeffizienten für Quarz und BK7-Glas 
gegen Diamant studiert. Es zeigte sich, dass der Beginn der plastischen Deformation zu 
signifikanten Änderungen der Haftreibung führt. 
 
Schlagwörter: Lateralkraft, mechanische Eigenschaften, tribologisches Verhalten, 
Nanoindentation, Rissbildung, Bruch, plastische Verformung, elastische Verformung, Reibung, 
Haftreibungskoeffizient, Fließspannung, von-Mises-Spannung, Zugspannung 
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Chapter 1 Introduction 
 
 
1.1 Indentation and friction on the micro- and nano-scale 
 
The past half XXth and first years of XXIst century gave a significant amount of contact me-
chanical methods for the determination of mechanical and tribological properties of materials on 
the micro- and nano-scale. Among others the nanoindentation and micro/nanotribology methods 
have been considerably developed [1]. 
During one hundred years the indentation experiments were performed for the investigation 
of mechanical properties of materials. However, it is hard or even impossible to obtain reliable 
values of mechanical properties on the micro- and nano-scale by the conventional mechanical 
tests. For example, the conventional microhardness tester requires direct imaging of indentations 
for hardness evaluation. Large errors can be introduced in the measurements of diagonal lengths 
when the indentation depth is small. In the last 20-30 years significant improvements of indenta-
tion technique were made because of increasing needs for measurements of mechanical proper-
ties of materials on small scale. With these improvements it is now possible to monitor with high 
precision and accuracy both load and displacement of indenter during indentation experiments at 
the respective micro- and nanonewton and nanometer range. At present this method is widely 
known as nanoindentation. The experimental normal load-displacement curves obtained with 
high resolutions by this method are used for further determination of mechanical properties. This 
determination is based on the fundamental relationships among the applied normal load, contact 
stiffness, contact depth, contact area and contact radius as well as radius of indenter for the case 
of spherical indentation. As a result the basic mechanical properties of materials such as hard-
ness, Young’s modulus and yield strength can be determined [2, 3]. 
It should be emphasized that indentation methods for example Oliver and Pharr method can 
be easily used for the evaluation of hardness and elastic modulus of bulk materials [3]. More-
over, taking into consideration the rule that the contact depth of indenter penetration should be 
less than 10 % of film thickness the hardness of coatings can be correctly determined too. How-
ever, in case of pronounced substrate effect or pile-up event as well as high viscoelasticity the 
experimental data cannot be directly used for the evaluation of the mechanical properties. In this 
case different analytical and numerical mathematical models are widely utilized for the analysis 
of experimental data and for the determination of correct values of the mentioned above me-
chanical parameters. For example, with the help of Schwarzer analytical model Chudoba et al. 
determined the Young’s modulus of the diamond-like carbon (DLC) coating with thickness of 
4.3 nm on Si [4]. 
Field and Swain proposed the new spherical indentation method, which utilizes the loading-
partial unloading mode [5]. This method allows to detect the onset of plastic deformation of ma-
terials and, consequently, the critical normal load for the beginning of plasticity. Using this criti-
cal normal load for the onset of plastic deformation Chudoba et al. offered the new approach for 
the determination of yield strength of bulk and coated materials [6]. According to this method 
the critical von Mises stress for the onset of plastic deformation is evaluated with the help of the 
above mentioned Schwarzer model for the coatings and Hanson model for the bulk materials [7, 
8]. The von Mises stress is the combination of normal and shear stresses. The maximum value of 
von Mises stress obtained at the critical normal load for onset of plastic deformation is the criti-
cal von Mises stress, which is equal to the yield strength in the most cases. 
So far investigations in tribology were typically performed at load and length scales com-
patible with macroscopic devices. These investigations are often unsatisfactory because of im-
possibility of study of fundamental mechanisms of friction and adhesion. The understanding of 
Chapter 1. Introduction 
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these mechanisms is important for the optimization of all kinds of machinery with parts, which 
are in relative motion. Moreover, modern technology requires the miniaturization of device 
components. The sizes of these components such as microelectromechanical systems (MEMS) 
typically range from nano- to micrometer scale. Therefore, the knowledge of mechanical proper-
ties at extremely small dimensions is very important. With recently developed techniques such as 
friction force microscopy (FFM) it is possible to study the friction, wear, adhesion and lubrica-
tion on the nano- and micro-scale. 
As any scanning force microscopy the FFM allows to investigate the topology of surface due 
to the detection of longitudinal deflection of cantilever. However, it also allows to measure the 
friction force between FFM tip and sample by the detection of torsion of the cantilever. The first 
results of the FFM investigations were presented for the graphite surface against the tungsten 
carbide tip in 1987 [9]. 
 
 
1.2 Some difficulties and disadvantages of nanoindentaion and mi-
cro/nanotribology 
 
The detection of crack formation by the nanoindentation method and further determination of 
critical tensile stress are not trivial tasks. It should be noted that the detection of failure is possi-
ble by the observation of pop-in events in the normal force-displacement curves. However, the 
largest disadvantage of this approach is that for many materials the direct observation of pop-in 
events induced by indentation is quite difficult. In the most cases the correct proof of fracture 
formation is only possible by additional methods, for example, scanning electron microscopy 
(SEM). The second problem is ambiguity of failure reasons. 
Furthermore, correct determination of yield strength is not always possible by means of the 
utilization of the critical force detected by the onset of plastic deformation. For example, a very 
thin and hard coating may be plastically deformed only after the beginning of plastic deforma-
tion in the soft substrate. Thus, for the combination of very thin hard coating/soft substrate it is 
impossible to detect the onset of plastic deformation of the film with the help of the approach of 
Field and Swain mentioned above. 
In contrast to the investigation of kinetic friction by the FFM or other nanotribological tests 
the investigation of static friction on the micro-scale is complicated. Furthermore, besides adhe-
sion and volume deformation friction depends on many different factors such as crystal structure, 
crystallographic orientation, solubility of one material into another, chemical activity, separation 
of charges, fracture toughness, surface cleanliness, roughness, normal load, tip radius, lateral 
force, temperature, duration of contact and humidity of environment. However, the effect of the 
factors mentioned above on the static friction of materials couples was not investigated com-
pletely up to now.  
The chapter 2 of this thesis presents in more details the possibilities and problems of nanoin-
dentation and static friction investigation. 
 
 
1.3 Possible way of overcoming some of the difficulties 
 
The application of lateral force during normal loading allows to redistribute the stress fields 
in sample. In theory, this can lead to the detection of some failure events. Furthermore, a lateral 
force applied with high lateral resolution to the surface allows to measure the static friction be-
tween sample and indenter. 
Chapter 1. Introduction 
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To extent the possibilities of study of the mechanical properties and friction behaviour by 
means of the lateral force application the new contact mechanical device, so-called Lateral Force 
Unit (LFU), was recently constructed by ASMEC GmbH (Germany) [10]. This technique allows 
to realize the lateral loading and unloading during the normal indentation by means of the Ultra-
Micro Indentation System (UMIS 2000, CSIRO, Australia) with the high lateral force and dis-
placement resolution (for details see chapter 3 and 4). The main distinctions between the LFU 
and conventional tribological tests are the following: 
• complete independence of detection of lateral and normal forces; 
• detection of lateral force change even without lateral displacement; 
• lateral force-displacement curves by analogy with normal load-displacement curves for 
nanoindentation as experimental results. 
Moreover, the lateral force application leads to the change of normal displacement. This can 
be also utilized for further analysis (for details see chapter 4). 
 
 
1.4 Goals of this thesis 
 
The general goal of this thesis was to investigate in detail capabilities and limits of the LFU 
as a novel device for the mechanical and tribological characterization of bulk and coated materi-
als. 
The first aim was to ensure the proper operation of the LFU for correct application of lateral 
force during normal indentation by means of the UMIS 2000. For that, the following investiga-
tions were performed (for details see chapter 4). 
• The measurement position of the LFU on the UMIS stage was evaluated. 
• The influence of the thermal drift correction on the shape of normal displacement-time 
curves was evaluated. 
The second aim was to find which kind of problems of contact mechanical approaches can be 
solved by the lateral force application. Thus, for the extension of possibilities for contact me-
chanical methods the following investigations were done. 
• The detection of crack formation was performed by the example of single-crystal sapphire 
(0001) (for details see chapter 5). For single-crystal sapphire the detection of just crack for-
mation in situ by the contact mechanical method was observed for the first time. The ob-
tained values of the critical lateral and normal forces allowed to evaluate the critical tensile 
stress for the crack formation. 
• The detection of onset of plastic deformation was done by the example of bulk BK7 glass 
and silicon dioxide film on silicon substrate (for details see chapters 4 and 6). The yield 
strength of silicon dioxide film was evaluated by the utilization of detected critical lateral and 
normal forces. Moreover, the calculated value of yield strength was compared with the result 
obtained by the loading-partial unloading method. 
• The evaluation of static friction was performed for different bulk and coated materials 
against diamond, sapphire and tungsten carbide spherical indenters on the micro-scale (for 
details see chapter 7). Moreover, the influence of normal load on static friction was investi-
gated for two reference materials, namely fused silica and BK7 glass. 
 
Chapter 2. Scientific fundamentals 
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Chapter 2 Scientific fundamentals 
 
 
2.1 Nanoindentation 
 
Indentation test is one of the most widely used contact mechanical methods for the determi-
nation of mechanical properties of materials. Generally, indentation is the indenter penetration to 
a sample at the application of normal load. The indentation is divided into macro-, micro- and 
nanoindentation depending on the range of the applied normal forces and depth of indenter pene-
tration [11]. The indentation test was initially utilized for the determination of hardness as the 
ratio between the applied normal load and area of residual impression. Besides the hardness the 
elastic modulus, yield strength, Poisson’s ratio as well as fracture toughness and tensile stress are 
investigated by the combination of indentation methods and numerical or analytical theoretical 
models. In this thesis the main attention is paid to the nanoindentation. This approach is used for 
the investigation of thin coatings and surface layers of bulk materials. It allows to determine the 
mechanical properties of materials on the nano- and micro-scale. 
For nanoindentation the indenters with different geometry such as triangular (Berkovich) or 
quadrangular (Vickers or Knoop) pyramid as well as spherical and cone tips are used [2]. In the 
context of this thesis the spherical diamond, tungsten carbide and sapphire indenters with differ-
ent tip radii have been utilized. The spherical tip was chosen because of the advantages of simu-
lation by the theoretical models of Hanson and Schwarzer presented below. 
In the following sections the fundamental relationships between parameters of indentation 
are presented. They are very important for the understanding of indentation method itself. The 
description of the most widely used Oliver and Pharr method of nanoindentation for the determi-
nation of mechanical properties is done. Moreover, the loading-partial unloading method of 
nanoindentation for the detection of onset of plastic deformation is also offered because of its 
importance in the context of this thesis. The theoretical approach for the determination of yield 
strength of coated and bulk materials is also given, because just this approach is utilized for the 
analysis of experimental data in this thesis. The possibility of crack detection by the nanoinden-
tation is shown by the examples. The presentation of probable mechanism of crack formation is 
given for the spherical indentation of brittle materials. 
 
 
2.1.1 Fundamental relationships of indentation 
 
At the nanoindentation the residual impression area cannot be directly evaluated by the opti-
cal microscopy as for the macro- and microindentation. Thus, the load-displacement sensing 
indentation technique was proposed for the investigations on the submicron scale in the second 
half of XXth century. The applied normal load and depth of indenter penetration are separately 
detected during the indentation. As a result the normal load-displacement curves are obtained 
[2]. 
Fig. 2.1 shows the typical load-depth dependence for the indentation with elastic-plastic de-
formation. Under the loading the sample is deformed at first elastically. After that it is deformed 
plastically if the applied load is high enough for the onset of plastic deformation. Moreover, be-
sides the plastic deformation the phase transformation or crack formation can occur. During the 
unloading the elastic deformation disappears. The residual plastic deformation is kept. Thus, the 
residual displacement hr is observed in the load-displacement curves. Furthermore, the phase 
transformation can also occur. On the other hand, at the pure elastic measurements the loading 
and unloading curves are not distinguished, i.e. after unloading hr = 0. 
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By means of the analysis of the unloading part of both elastic-plastic and pure elastic load-
displacement curves some important relationships can be presented. The stiffness can be deter-
mined by the slope of the tangent to the initial part of unloading curve. However, the contact 
depth cannot be directly measured by this slope. On the other hand, it can be calculated at known 
stiffness as is shown in the next section. Fig. 2.2 shows that the contact depth corresponds to the 
depth of indenter penetration at which the contact between indenter and sample surface still exist 
(see Fig. 2.2). 
 
 
The known value of contact depth allows to calculate the contact area in the following way: ( )22 2 ccc hRhaA −== ππ     (2.1) 
for spherical indenter, 
25.24 cc hA =       (2.2) 
for Berkovich indenter. Thus, the hardness can be calculated as 
 
Figure 2.1. Schematic representation of normal load versus displacement. Pmax is the maximum applied normal 
load; hmax is the maximum depth of indenter penetration; Sc is the contact stiffness; hr is the depth of residual im-
pression; hc is the contact depth. 
 
Figure 2.2. Schematic representation of section of spherical contact at the maximum loading. Ac is the contact area; 
R is the radius of spherical indenter; a is the contact radius; hc is the contact depth. 
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cA
PH max= .      (2.3) 
In its turn the evaluated value of the stiffness of unloading curve allows to calculate the reduced 
modulus of materials 
c
c
r A
SE πβ2= ,     (2.4) 
where β is the geometry correction factor, which is close to one. Young’s modulus E of sample 
can be evaluated by the ratio 
i
i
r EEE
22 111 νν −+−= ,     (2.5) 
where Ei is known Young’s modulus of indenter material, νi and ν are the Poisson’s ratios of 
indenter and sample respectively. 
 
 
2.1.2 Oliver & Pharr method 
 
Oliver and Pharr method is the most widely used method for the determination of hardness 
and Young’s modulus from load-displacement data obtained during one cycle of loading and 
unloading [3, 12, 13]. By the analysis of normal force-displacement curves the maximum applied 
normal load and maximum depth of indenter penetration are detected (see Fig. 2.1). The contact 
stiffness is determined as was mentioned in previous section. The contact depth depends on the 
geometry of indenter, i.e. the contact depth is calculated as 
c
c S
Phh maxmax ε−= ,     (2.6) 
where ε is the constant that depends on the geometry of indenter. The value ε = 0.75, which cor-
responds to the paraboloid of revolution, is the standard value utilized for analysis. The contact 
area is presented as the function of the contact depth 
)( cc hFA = ,      (2.7) 
where F(h) is the area function. The area function must be carefully determined by independent 
measurements. Thus, the deviations from nonideal indenter geometry are taken into account. 
In its turn at known contact area the hardness and Young’s modulus are calculated according 
to (2.3) and (2.4) respectively. 
The original method works perfectly for those bulk materials, which have no appreciable 
pile-up, creep or viscoelasticity. Moreover, the investigation of coatings is also limited by sub-
strate effect. However, if the contact depth of indenter penetration is less than 10 % of film 
thickness then the hardness of coating can be determined correctly by Oliver and Pharr method. 
Oliver and Pharr method was developed for the indentation by the Berkovich indenter. It 
should be noted that traditionally the hardness is measured with the help of pyramid indenters 
(Berkovich or Vickers). Spherical indenters are not applied for hardness measurement, because 
the value of hardness depends on indenter radius. Thus, the hardness value measured by the 
spherical indenter cannot be universal quantity. 
 
 
2.1.3 Loading-partial unloading method for the detection of onset of plastic deformation 
 
The load cycle model proposed by Filed and Swain is relatively simple and effective ap-
proach for the detection of onset of plastic deformation by spherical indentation [5, 14]. The idea 
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of this approach, which is also referred to as loading-partial unloading method, is the following. 
The indentation is made in such a way that the normal load increases to a certain value P1. After 
that, during partial unloading the load decreases down to the fixed value of the previous maxi-
mum loading, for instance, down to 0.5P1. Then, the load increases again up to a certain larger 
value P2 which is higher than P1 by a certain factor, for instance 1.1. The following decrease is 
again the same percentage of previous decrease, i.e. 0.5P2, etc. As a result the loading and 
unloading curves are obtained (see Fig. 2.3). 
 
 
According to Fig. 2.3 at the elastic indentation the points of the loading and unloading curves 
cannot be distinguished. After the beginning of plastic deformation the loading and unloading 
points are easily distinguished due to the residual deformation. This residual deformation rises at 
the load increase. It achieves the maximum value hr at the maximum applied normal force. Thus, 
the onset of plastic deformation can be detected by the observation of the deviation of loading 
and unloading curves. For example, the detection of beginning of plastic deformation has been 
done by Chudoba et al. for fused silica and silicon dioxide film with thickness of 538 nm on Si 
substrate [15] (see Fig. 2.4). 
 
  
Figure 2.3. Schematic loading-partial unloading procedure for investigation of elastic-plastic response of materials 
[5]. hr is the depth of residual impression; hp is the contact depth; ht is the maximum depth of indenter penetration. 
 
Figure 2.4. Loading-partial unloading plot with elastic-plastic transition for fused silica and SiO2 coating [15]. 
Onset of plastic 
deformation 
Loading 
Unloading 
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As a result the critical normal force of the loading, which corresponds to the onset of plastic 
deformation, can be determined. 
It should be emphasized that the spherical indentation is used for the correct detection of on-
set of plastic deformation, because only spherical geometry of indenter allows separate measur-
ing in elastic and elastic-plastic regions. 
 
 
2.1.4 Using of Hanson and Schwarzer theoretical models for the determination of yield 
strength 
 
The critical normal load detected by the loading-partial unloading method is utilized for the 
determination of yield strength of coated and bulk materials. This approach is based on Hanson 
and Schwarzer theoretical models. They are realized by the software Elastica [16]. In this soft-
ware in contrast to finite element method (FEM) codes complete stress and strain fields are ob-
tained very fast by utilizing only analytical solutions. 
Hanson and Schwarzer approaches are two analytical models for the simulation of the elastic 
stress and strain fields at the Hertzian-like spherical contact. Hanson proposed complete closed 
form solution of the spherical Hertz contact task for the homogenous isotropic infinity half-
space, i.e. for bulk materials [8, 17]. Schwarzer extended the analytical solution of the spherical 
contact problem for the layered half-space [7, 18, 19]. All layers of this system have certain 
thickness and their own values of Young’s modulus and Poisson’s ratio. Both models are based 
on the potential theory and utilized the notation and potential functions given by Fabricant for 
the elastic body of transverse isotropy [20]. 
At the spherical contact simulation the Hertzian contact pressure distribution is taken as a 
good approximation for the real load conditions 
22 rapc −∝ ,     (2.8) 
where a is the contact radius, r implies the distance from the axis of indentation and r ≤ a. Thus, 
Schwarzer presented the boundary conditions of coated half space in the following way [21]. For 
the Hertzian normal stress component 
22
30 2
3 ra
a
P
zzz −== πσ ,    (2.9) 
where z is the Cartesian coordinate located on the indentation depth axis. For the additional tan-
gential stress component 
22
30 2
3 ra
a
FL
zrz −== πτ ,    (2.10) 
where FL is the lateral force. Hanson also proposed that the shear stress in the contact region is 
equal to the contact pressure multiplied by friction coefficient. 
Thus, normal, principle, shear, hydrostatic and von Mises stresses as well as deformations 
along the Cartesian coordinate axis can be simulated as the function of indenter radius, normal 
force, elastic modulus and Poisson’s ratio of film, substrate and indenter materials. Moreover, 
this simulation can include the lateral force application by using value of friction coefficient. The 
examples of the stress distributions modeling are presented in [21, 22]. 
The modeling of von Mises stress is one of the main possibilities of the presented models. 
The von Mises stress is the combination of the normal and shear stresses 
( ) ( ) ( ) ( )[ ]222222 6
2
1
zyxzxyzzxxyyzzyyxxMises τττσσσσσσσ ++∗+−+−+−= , (2.11) 
where components σii are the normal stresses parallel to Cartesian coordinate axis, components 
τij are the shear stresses. The maximum value of von Mises stress, which is, for instance, calcu-
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lated by the utilization of the critical normal load detected by the loading-partial unloading in-
dentation method mentioned above, is the critical von Mises stress for the onset of plastic defor-
mation. Thus, the critical value of von Mises stress can be defined as the yield strength if the 
effect of hydrostatic pressure on change of properties can be neglected. For example, by this 
method Chudoba et al. evaluated the yield strength of the reference materials for the nanoinden-
tation such as fused silica, BK7 glass and single-crystal sapphire [6]. 
However, the utilization of the combination of experimental loading-partial unloading 
method and theoretical approach of Schwarzer has serious limitation for the determination of 
yield strength of coatings. At very thin and hard film on soft substrate* the observed onset of 
plastic deformation corresponds to the plastic deformation of substrate. The plastic deformation 
of soft substrate occurs before the onset of plasticity of thin hard film. As an example, the distri-
bution of von Mises stress for 100 nm thin hard DLC coating on silicon soft substrate is pre-
sented in Fig. 2.5 at 5 µm radius indenter and the normal load of 22 mN. The Young’s modulus 
is 350 GPa for the film and 165 GPa for the substrate. The Poisson’s ratio is 0.2 for the coating 
and 0.224 for the substrate. 
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Figure 2.5. Distribution of von Mises stress along Z axis (X = 0, Y = 0), which is the axis of indenter penetration. 
 
Fig. 2.5 shows that at the normal force application to this hard film/soft substrate system the 
maximum von Mises stress is 11.2 GPa in silicon substrate and 6.8 GPa in DLC coating. The 
maximum von Mises stress in the substrate corresponds to the yield strength of silicon. On the 
other hand, the maximum value of stress in the coating is not enough for the beginning of plastic 
deformation. 
 
 
2.1.5 Detection of crack formation by nanoindentation 
 
With the help of the nanoindentation the detection of fracture formation can be realized in 
situ by the observation of pop-in events in the normal force-displacement curves. For example, 
such pop-ins were observed by Weppelmann and Swain by the spherical indentation (see Fig. 
                                                 
* The film is hard with respect to substrate. 
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2.6) [23]. They investigated brittle hard TiN and TiAlN coatings on soft tool and stainless steels 
respectively. 
 
 
Fig. 2.6 shows that the first fracture occurs after the onset of plastic deformation of soft sub-
strate. The second fracture is observed at the larger normal load. SEM investigation of residual 
impression allows to conclude that namely two circumferential cracks were observed by the de-
tection of pop-ins in the normal force-displacement curve. For explanation of crack formation 
the authors presented the schematic description of deformation process for hard brittle coatings 
on soft substrates (see Fig. 2.7). 
 
 
Figure 2.6. Load-displacement curves for 3.5 µm TiAlN film deposited by physical vapour deposition on stainless 
steel [23]. Indentation was realized by the spherical indenter with 35 µm radius. 
 
Figure 2.7. Principle of deformation process of brittle films on elastic-plastic substrate by spherical indentation [23]. 
R is the radius of spherical indenter; a is the contact radius; h is the total depth of indenter penetration; P is the nor-
mal load. 
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According to Fig. 2.7 at the beginning of the loading the deformation of the system of hard 
film/soft substrate is completely elastic (1). Plastic deformation of the substrate is observed in 
the normal P-h curve during further loading after reaching the yield point of the substrate (2). 
Fractures are detected as the pop-in events in the P-h curve (3). 
For the calculation of critical tensile stress for the crack formation Weppelmann et al. used 
FEM, which is realized by the ABAQUS code. 
The pop-in events in normal load-displacement curves were also observed by Weppelmann 
et al. for titanium nitride films on silicon by spherical indentation [24]. These pop-ins were inter-
preted as the opening of the ring and interfacial crack, which leads to the films delamination. The 
formation of cracks and their types were evaluated by the SEM. However, in contrast to the FEM 
calculation model mentioned above a simple analytical model was utilized for the analysis of 
film delamination. According to this model the radial tensile stress is a function of contact ra-
dius, and the interfacial fracture toughness is a function of contact and delamination crack radii. 
However, it should be noted that the detection of pop-in in the normal load-depth curves is 
very complicated task for nanoindentation. For example, Morris et al. used Berkovich, cube cone 
indenters and two probes of intermediate acuity (42° and 52°) for investigation of fracture behav-
iour of fused silica, soda-lime glass, single-crystal NaCl (100), BaF2 (100), Al (100) and Fe–3 wt 
% Si (100) [25]. By SEM the radial cracking is found for fused silica, soda-lime glass and bar-
ium fluoride. However, the observation of the most pronounced pop-in occurs at only combina-
tion of fused silica with 42° probe (see Fig. 2.8) 
 
 
Figure 2.8. P versus h curves for fused silica [25]. Residual displacement hf is independent from a pop-in event. 
 
Moreover, the reasons of the pop-in formation can be not only fracture events but phase 
transformation and plastic deformation too. One of the known classical examples of the phase 
transformation influence is the formation of pop-in and pop-out at the indentation of silicon [26]. 
According to Bradby et al. the pop-in events for compound semiconductors InP, GaAs, GaN and 
ZnO are conditioned by sudden yielding of material [27]. 
 
 
2.1.6 Mechanism of crack formation by spherical indentation 
 
The experimental investigations, which are presented in the next chapters, have been carried 
out with the help of spherical indentation. Thus, it is advisable to examine in general the fracture 
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behaviour of brittle material at the spherical indentation. Possible types of the fracture for films 
with different thicknesses are described in detail in the works of Lawn and Chai [28-30]. The 
illustration of the spherical indentation for structures consisting of the brittle coating with differ-
ent thicknesses on the thick compliant substrate is presented in Fig. 2.9. 
 
 
Figure 2.9. Schematic illustration of the crack formation by the spherical indentation for coatings with different 
thicknesses [30]. d is the thickness of coating; Ec and Es are Young’s modulus of film and substrate respectively; a is 
the contact radius; P is the normal load. 
 
Chai and Lawn distinguished the following possible fracture mode transitions depending 
upon the thickness of coatings. 
• For thick layers (d>>a) the formation of cone crack at top surface is possible (see Fig. 2.9a). 
In this case the stresses are concentrated at the contact edge. 
• For intermediate layers (d/a∼1) the formation of ring cracks at the top surface and radial 
cracks at the bottom surface is possible (see Fig. 2.9b and 2.9c). In this case the tensile stress 
at the contact circle begins to diminish. The coatings begin to flex and the location of maxi-
mum tension at the top surface moves radially outward. It should be noted that radial cracks 
are expected to occur before ring cracks in the most intermediate films (see Fig. 2.9b). How-
ever, at the decrease of ratio of film thickness and contact radius down to 0.1 the relative 
magnitudes of tensile stress on the top and bottom surface reverse (see Fig. 2.9c). Another 
possibility arises when the strength of coating is significantly less at the top than at the bot-
tom surface. 
• For thin layers (d/a<<1) the formation of through-thickness ring crack is possible (see Fig. 
2.9d). In this case the load is essentially supported by the substrate. 
Thus, in the case of bulk materials the most possible fracture can be cone crack at the spheri-
cal indentation as is shown in Fig. 2.9a for very thick coating. 
Lawn gave a clear presentation for the evolution of cone crack system during the complete 
loading and unloading cycle (see Fig. 2.10) [31]. 
Chapter 2. Scientific fundamentals 
 
 20
 
Figure 2.10. Hertzian cone crack system for brittle materials. + means normal loading; - means normal unloading 
[31]. 
 
Fig. 2.10 shows that at the sphere contact with flat surface tensile stresses are generated on 
the surface immediately outside the contact circle. These stresses fall off dramatically along the 
conical part of prospective crack. Thus, fracture is not observed (see Fig. 2.10.i). At some point 
during normal loading ring crack develops from pre-existing surface flaw (see Fig. 2.10.ii). At 
increasing load the ring crack extends incrementally downwards due to rapidly diminishing ten-
sile stresses field (see Fig. 2.10.iii). At critical load the ring becomes unstable and extends 
downwards into the full Hertzian cone (see Fig. 2.10.iv). After that, at continued loading the 
cone crack grows further downward in stable fashion (see Fig. 2.10.v). Then, at normal unload-
ing the cone crack closes (see Fig. 2.10.vi). 
The indentation fracture was first studied in detail by Hertz in 1881. He found that by means 
of hard spherical indenter the cone crack is formed near the edge of contact circle where the ten-
sile stresses are the greatest. According to the classical Hertz approach the maximum tensile 
stress outside the indenter can be expressed in the following way [32, 33] 
( ) ( ) 3231
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where ν is Poisson’s ratio of specimen, E is Young’s modulus of specimen, R is the radius of 
spherical tip, ( )( ) ii EEk 2
2
1
1
1 ν
ν
−
−+= ,     (2.13) 
where νi and Ei are Poisson’s ratio and elastic modulus of spherical tip material respectively. 
 
 
2.2 Static friction evaluation 
 
The investigation of friction between bodies is one of the important tasks of materials sci-
ence. The miniaturization of components of modern high-technology equipment requires to 
study the friction behaviour as well as the factors, which influence friction. At present it is possi-
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ble to realize experimental investigations of friction not only on the macro-scale but also on mi-
cro- and nano-scale by different tribological techniques. 
In the following sections the explanation of main friction terms, the effect of adhesion and 
deformation as well as other factors on the friction are offered. The brief presentation of possi-
bilities for the friction investigation on the macro- and micro-scale is also done. 
 
 
2.2.1 Friction, adhesion and deformation 
 
Friction is a resistance to motion of one solid body with respect to another, with which it is in 
contact. It should be emphasized that friction is not a material property. It is only a system re-
sponse. However, such a parameter as friction coefficient can characterize the friction behaviour 
of materials. This parameter is unique for a couple of materials. The coefficient of friction bands 
together normal and tangential forces. The tangential force acts directly opposite to the direction 
of sliding. It is the friction force by nature. In its turn the friction force can be static or kinetic. 
The static friction force is the maximal friction force, which is required to initiate motion. Thus, 
this force can be more than or equal to the kinetic force. 
Irrespective of friction scale (macro-, micro- or nano-) the nature of dry friction is dual [34, 
35]. The friction depends on adhesion and volume deformation at mutual pressure. Thus, the 
total friction force  
daf FFF += ,      (2.14) 
where Fa is the adhesive component and Fd is the deformation component of the friction force. 
The same situation occurs for the friction coefficient 
da µµµ += ,      (2.15) 
where µa and µd are the adhesive and deformation components respectively. It should be empha-
sized that these components of friction are quite difficult to examine separately. 
The change of the deformation component connects with the revising of the real contact area 
at variation of the contact pressure. For example, for rigid spherical tip and soft body the defor-
mation component of friction can be presented as 
R
a
d πµ 3
4= ,      (2.16) 
where a is the contact radius, R is the radius of tip. According to Bhushan before the onset of 
sliding between two surfaces the deformation component controls static friction to greater extent 
than the adhesion component [34]. 
Adhesion is a phenomenon of bonding across the interface. It occurs when two surfaces are 
pressed together either under a pure normal force or under combined normal and tangential 
forces. Adhesion is considered as physicochemical interactions by nature. These interactions 
involve covalent, ionic or electrostatic, metallic, hydrostatic and van der Waals bonds. Two clas-
sical theories are the most widely used for the description of the adhesive force between particles 
of contacting solid bodies: JKR (Johnson, Kendall and Roberts, 1964-1971) and DMT (Der-
jagun, Muller and Toropov, 1975-1983) [36]. However, adhesion is affected by the real area of 
contact, which is a function of normal load, surface roughness and mechanical properties. Ac-
cording to Kragelskii the limiting factor of adhesion is just geometrical factor, namely the real 
contact area [35]. The real contact area is usually much less than the geometrical area because of 
the roughness of contacting surfaces. Moreover, adhesion as well as friction depends on other 
factors, which are presented below. For a very rough first approximation the classical theory of 
Bowden and Tabor can be used for the description of adhesive component of dry friction [34] 
ara AF τ= ,      (2.17) 
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where Ar is the real contact area and τa is the average shear strength. According to this theory the 
coefficient of adhesional friction for dry contact is 
c
aar
a pP
A ττµ == ,     (2.18) 
where P is the normal load, pc is the contact pressure. Thus, the deformation component of fric-
tion influences the adhesion component by means of the contact area.  
It should be also noted that the contact area also depends on type of contact: elastic or plastic 
[37]. Thus, in the case of plastic contact the adhesion component of friction coefficient 
1−∝ Paµ .      (2.19) 
For the case of elastic contact due to roughness of surface 
3/1−∝ Paµ .      (2.20) 
It should be emphasized that the friction coefficient is a strong function of surface roughness at 
the elastic contact in contrast to plastic contact. The decrease of the adhesive component of the 
friction coefficient is less in the case of the elastic contact than of the plastic contact. 
Thus, in ideal case the increase of normal force must lead to the decrease of adhesion com-
ponent of friction coefficient according to (2.19) and (2.20). The deformation component of fric-
tion should also increase due to extension of contact area. However, in reality the situation is 
more complicated because of many factors [34, 38]. These factors can be conditionally separated 
into internal and external†. The internal factors are 
• crystal structure; 
• crystallographic orientation; 
• solubility of one material into another; 
• chemical activity; 
• separation of charges; 
• fracture toughness.  
The external factors are: 
• surface cleanliness; 
• roughness; 
• normal load; 
• tangential force; 
• temperature; 
• duration of contact (rest time or dwell time); 
• humidity of environment; 
• tip radius. 
Moreover, despite the fact that friction phenomena, which are observed on macrolevel, can 
be found on microlevel the scale effect plays serious role in friction [39, 40]. For example, the 
coefficient of friction for very smooth surfaces is less by one order of magnitude in the micro- 
and nanonewton range than on the macro-scale [34, 41]. Therefore, the factors mentioned above 
play more serious role on the micro-scale than on the macro-scale. 
 
 
2.2.2 Friction investigation on the macro-scale 
 
The conventional tribological devices such as pin-on-disk tester are mostly used for the in-
vestigation of static and kinetic friction of contacting materials on the macro-scale. It should be 
emphasized that the investigation of sliding friction is one of the most important tasks both for 
                                                 
† This separation is conditional. External parameters can be changed easier than internal parameters. 
Chapter 2. Scientific fundamentals 
 
 23
the engineering application [42-45] and for the study of fundamental mechanisms of friction and 
adhesion [46-48]. However, in the context of this thesis the brief presentation of some investiga-
tions of the static friction is the most relevant. 
The investigation of static friction of DLC films is the very important task because these 
coatings are widely used for the protective goals. For example, Müller and Hauer compared the 
static friction coefficient of DLC against 100Cr6 steel in air and dry nitrogen atmosphere for the 
different self-bias voltages [49] (see Fig. 2.11). 
 
 
Figure 2.11. Coefficients of static friction for DLC coatings, which were produced by the different self-bias voltages 
[49]. 
 
Fig. 2.11 shows that the static friction coefficient of DLC coatings is less in dry nitrogen at-
mosphere (0.126 ± 0.003) than in air (0.158 ± 0.002). Thus, the surrounding atmosphere plays a 
serious role at the friction investigation. It was also established that the utilization of DLC films 
as the protected material for hardened stainless steel leads to the decrease of static friction coef-
ficient. 
In another work [50] Müller and Hauert presented the investigation of the effect of silicon 
content in DLC coatings on the static friction coefficient at different relative humidity and dif-
ferent self-bias voltages. It was established that the coefficient of static friction does not heavily 
depend on the incorporation of silicon into DLC films. The serious effect of humidity of sur-
rounding atmosphere on the value of static friction is again observed. 
Deng and Ko studied the static friction coefficient of DLC against DLC in the ultra high vac-
uum chamber [51]. As a result the value of static friction coefficient for DLC/DLC contact was 
evaluated as 0.040 ± 0.005. It was also established that the oxygen exposure increases the coeffi-
cient of friction by 50 %. 
Deng and Ko also measured the static friction coefficient between contacts SiNx/SiNx, 
SiNx/Si, SiO2/SiO2 and SiO2/Si and the effect of nitrogen and oxygen pressure on the value of 
static friction coefficient [52]. It was also observed that the static friction coefficient increases 
when the normal force increases. 
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The very important and interesting investigation of static friction of aluminium, single-
crystal silicon (100), alumina, silicon dioxide, silicon nitride and DLC against polysilicon was 
done by Beerschwinger et al. [53] by means of the special test rig [54]. The force was applied to 
sample by the optical fibre of 60 µm diameter, which is fixed on the end of cantilever. 
Beerschwinger et al. used the forces, contact areas and contact pressures, which are typical for 
the design of the double-stator axial-drive micromotor. The static friction force was obtained 
from the fibre deflection at the onset of motion. It was established that the friction coefficient for 
all materials is not constant for the smooth surfaces of materials at low normal loads. The de-
crease of friction coefficient at the increase of contact pressure for all materials excepting silicon 
dioxide can be connected with an increase of load or a reduction of contact area. In the case of 
SiO2 the static friction coefficient increases (see Fig. 2.12). The reason of such a friction behav-
iour is the dependence of the friction at least partly on the shear stress. 
 
 
Figure 2.12. Static friction coefficient of silicon dioxide against polysilicon versus normal load [53] 
 
 
2.2.3 Friction investigation on the micro-scale 
 
For investigation of friction on the micro- and nano-scale the devices such as microscratch 
test, nanotribometer and FFM are widely used. By the microscratch test for the carbon coatings 
with thickness of 20 and 110 nm on Si and for uncoated silicon the normal force effect on the 
friction was observed [55]. The friction behaviour of mica against silicon nitride tip was studied 
by the nanotribometer [56]. One of the first investigations of friction by the FFM was presented 
by Mate et al. in 1987 [9]. The friction behaviour of graphite surface as the reference material for 
atomic force microscopy (AFM) investigations was studied using a tungsten tip. With the help of 
the FFM the effect of the normal load on the kinetic friction against silicon was also investigated 
for graphite, diamond, amorphous carbon, C60 [57] and diamond, DLC coating, CrN coating 
[58]. 
One of the most interesting studies by the FFM was done by Bhushan and Kulkarny [59]. 
They used the FFM for the investigation of the micro-scale friction behaviour between diamond 
and Si3N4 tips and various samples such as Si (111), SiO2 coating with thickness of 0.7 µm on Si 
(111) and polished natural diamond. It was established that the friction is strong function of 
normal load (see Fig. 2.13 and 2.14). Fig. 2.13 and 2.14 show the bend in the friction force (coef-
ficient)–normal load curves. This kink occurs at the critical normal loads corresponding to the 
surface hardness of materials. This critical load is 17 µN for silicon and 22 µN for silicon diox-
ide film. The authors confirm that such a behaviour of the friction force and friction coefficient 
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connects with the ploughing damage at the high normal loads. The friction coefficient of natural 
diamond remains independent of normal load because no ploughing occurs. The friction coeffi-
cients were also compared on the micro- and macro-scale. It was established that the coefficient 
of friction on the macro-scale is higher than on the micro-scale. This was explained by differ-
ences in mechanical properties and real contact area for different scales. 
 
 
Figure 2.14. Coefficient of friction as a function of normal force for Si (111), SiO2 coating and polished natural dia-
mond [59]. 
 
Bhushan et al. also investigated the effect of indenter radius on the tribological behaviour of 
materials couples [60, 61]. The friction of uncoated Si (100), bonded perfluoropolyether lubri-
cant (Z-DOL) and DLC coatings on silicon substrate against diamond tip of FFM was investi-
gated. It was established that in the most cases the adhesive force and friction coefficient in-
crease at the increase of tip radius at the different relative humidities in the normal force range 
from 50 to 250 nN (Fig. 2.15). 
 
Figure 2.13. Friction force as a function of normal force for Si (111), SiO2 coating and polished natural diamond 
[59]. The measurements were made by using the diamond tip by FFM 
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 However, it should be emphasized that in the most cases just kinetic friction behaviour is 
investigated with the help of the techniques for the micro- and nanotribological measurements. 
The work [62] of Bhushan and Koinkar can be considered as an example of the combined utili-
zations of tribological techniques for the measurement of both static and kinetic friction coeffi-
cients on the macro- and micro-scale. They used the commercial single-disk test and FFM for 
investigation of tribological characteristics of hard amorphous carbon coatings, which are the 
protective layers for the magnetic disks. It was established that the macro-scale friction coeffi-
cient of these coatings is equal to 0.18 - 0.55 depending on the film thickness, lubrication and 
roughness of surface. The micro-scale friction coefficients have values from 0.02 - 0.07, i.e. they 
are less by one order of the magnitude than on the macro-scale. 
 
Figure 2.15. Friction coefficient as the function of tip radius at the several humidities for Z-DOL on Si [60]. 
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Chapter 3 Nanoindentation by Ultra-Micro Indentation System 
(UMIS 2000) 
 
In this chapter the presentation of the construction and principle of operations of the Ultra-
Micro Indentation System (UMIS 2000) is given. The normal force cycles such as loading-
unloading and loading-partial unloading are also presented, because they are used in this thesis. 
It should be noted that the correct evaluation of the mechanical parameters such as hardness and 
elastic modulus is impossible without additional calibration of device and determination of in-
denter shape deviation from ideal form. In this thesis spherical indentations have been carried out 
with diamond, sapphire and tungsten carbide indenters of different radii produced by the Synton 
AG (Switzerland). Thus, the procedures of instrument stiffness calibration as well as area func-
tion and effective radius determination are offered. The presentations of the procedures of ther-
mal drift and zero point correction are also introduced, because they allow to obtain the real pa-
rameters of normal force-displacement curve. It should be emphasized that the calibrations, cor-
rections as well as data analysis of the spherical indentation has been done by the software In-
dentAnalyser, which is produced by the ASMEC GmbH [63, 64]. 
 
 
3.1 UMIS 2000: Construction and principle of operation 
 
The Ultra-Micro Indentation System (UMIS 2000) is one of the commercial nanoindenters. It 
was produced by the National Measurement Laboratory of Commonwealth Scientific and Indus-
trial Research Organisation (CSIRO, Australia). The construction of this technique is presented 
in Fig. 3.1 [2, 65, 66]. 
 
  
 
 
 
 
 
Figure 3.1. Ultra Micro Indentation System UMIS 2000: a) photo of hardware; b) schematic sketch of measuring 
part [65] 
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The principle of normal force application by the UMIS 2000 is the following. High voltage 
generated by electronics block of the UMIS 2000 is applied to the piezo actuator. By means of 
piezo expansion the carriage goes down along the Z axis. The carriage is connected with the in-
denter shaft by the leaf springs. Thus, the indenter shaft goes down together with the carriage. 
When the indenter contacts with sample surface the springs are deflected. This deflection is de-
termined by the linear variable differential transducer (force LVDT). As a result the applied 
normal force is evaluated by the known stiffness of the leaf springs. In its turn the normal dis-
placement is directly measured by the depth LVDT, which is fastened on the UMIS frame. The 
force and displacement resolutions of the UMIS 2000 are given in Table 3.1. 
 
Table 3.1. UMIS specification 
Maximum force 500 mN 
Force resolution < 0.75 µN 
Maximum displacement 20 µm 
Displacement resolution < 1 nm 
 
 The UMIS can work either with force or displacement control modes. The force control 
mode can be realized by close and open loop. In this thesis context the close loop force control 
mode has been performed. 
 
 
3.2 Force cycles 
 
3.2.1 Loading-unloading cycles 
 
Among possible loading-unloading cycles two cycles without and with hold period after the 
normal loading have been utilized (see Fig. 3.2) 
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Figure 3.2. Loading-unloading cycles: a) without hold period after loading; b) with hold period after loading. 
 
The first cycle presented in Fig. 3.2a leads to the creation of load-displacement curve, which 
is similar to the plot presented in Fig. 2.1. As it is explained below, the hold period during 
unloading is used for the thermal drift correction. 
The second cycle presented in Fig. 3.2b leads to the same load-displacement curve but with 
some possible additional normal displacement due to creep at the maximum loading. During the 
normal hold period after loading the lateral force is applied as is shown in next chapter. More-
over, this hold period can be also used for the thermal drift correction. 
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3.2.2 Loading-partial unloading cycle 
 
For the detection of onset of plastic deformation as is shown in section 2.1.3 the loading-
partial unloading cycle has been utilized (see Fig. 3.3). 
 
 
Figure 3.3. Loading-partial unloading cycle. 
 
 
3.3 Calibrations 
 
3.3.1 Instrument stiffness 
 
The instrument stiffness defines the effect of instrument frame, stage, sample and indenter 
mount on the normal displacement. Thus, this influence must be excluded from the absolute 
normal displacement. 
The calibration of instrument stiffness is one of the most difficult things of nanoindentation. 
For that two reference materials must be used. They should have well-known elastic properties 
and show no pile-up event, at which displaced material is pushed above the original surface posi-
tion. Moreover, the difference of the elastic modulus of these reference materials should be large 
enough. Thus, fused silica with the Young’s modulus of 72 GPa and single-crystal sapphire 
(0001) with the Young’s modulus of 420 GPa are utilized for the instrument stiffness calibration. 
The instrument stiffness is determined by fitting measured data points for fused silica and 
sapphire. The following fit function was utilized 
3
4
2
321)( PCPCPCCPSi +++=     (3.1) 
where Cn are fit constants. In the context of this thesis the spherical diamond indenter LM10 with 
the nominal sphere radius of 10 µm has been widely used. As the fit result the instrument stiff-
ness for this indenter lies between 2580 and 3360 mN/µm, depending on the normal force (see 
Fig. 3.4). 
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Figure 3.4. Instrument stiffness versus normal load for the diamond spherical indenter with the nominal radius of 10 
µm. The calibration was done by fused silica and single-crystal sapphire. 
 
 
3.3.2 Area function 
 
Due to non-ideal shape of indenter a value of the mechanical parameters cannot be correctly 
evaluated. For the correct determination of the contact area and, consequently, the mechanical 
parameters two different possibilities exist at the spherical indentation. The first one presented in 
this section is the determination of the contact area in dependence on the contact depth, i.e. the 
determination of the area function. The second one presented in next section is the evaluation of 
the effective radius function. 
The calibration of the area function is one of the most difficult things of the indentation 
measurements as well as the calibration of the instrument stiffness. The area function calibration 
must be carried out only after determination of the correct stiffness function. The area function 
calibration is done with the help of wholly elastic indentation by spherical indenter. 
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Figure 3.5. Area function for the diamond spherical indenter with the nominal radius of 10 µm. The calibration was 
done by fused silica and single-crystal sapphire. 
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Two reference materials with well-known elastic properties must be used for the area func-
tion calibration as well as for the instrument stiffness determination. Fused silica and single-
crystal sapphire (0001) are utilized again as the reference materials. 
In the software IndentAnalyser the area function is presented as the square root of the contact 
depth. Thus, the area function can be described by using fit function for the fit of the measured 
data points for fused silica and sapphire as the function of contact depth 
2/3
54
2/1
3
4/1
21)( ChChChCChA ccccc ++++=   (3.2) 
where Cn are fit constants. As was mentioned above the spherical diamond indenter LM10 with 
the nominal sphere radius of 10 µm has been widely used for the investigations presented in this 
thesis. As the fit result the area function for this indenter is introduced in Fig. 3.5. 
 
 
3.3.3 Effective sphere radius 
 
By wholly elastic indentation measurements with spherical indenter the effective sphere ra-
dius as a function of effective depth can be determined. The effective radius function is used for 
the calculation of the contact area by the software IndentAnalyser. Moreover, the effective 
sphere radius function can be used for the calculation of film and substrate Young’s modulus 
with the software Elastica mentioned above. Furthermore, the average effective radius can be 
applied as the indenter radius for the evaluation of stresses such as normal and von Mises 
stresses by the software Elastica. 
In contrast to the indenter stiffness and area function calibrations three reference materials 
such as fused silica, BK7 glass and single-crystal sapphire (0001) are utilized for the effective 
radius evaluation. This evaluation can be performed by fitting measured data points for the refer-
ence materials. For effective radius calibration the fit function was presented as polynomial 
3
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where Cn are fit constants. As the fit result the area function for widely used indenter LM10 is 
presented in Fig. 3.6. According to this figure radius is not constant. It decreases with increasing 
penetration depth. The average radius of the indenter LM10, which has been performed for the 
stresses determination by the software Elastica, is approximated by 10.5 µm in the depth range 
from 100 to 400 nm. 
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Figure 3.6. Effective radius versus effective depth for the diamond spherical indenter with the nominal radius of 10 
µm. The calibration was done by fused silica, BK7 glass and single-crystal sapphire. 
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3.4 Corrections 
 
3.4.1. Thermal drift 
 
The thermal drift correction is required for high accuracy measurements, because nanoin-
denters are sensible to a change of instrument temperature over time. Thus, the thermal drift in-
fluence must be corrected. 
The detailed description of the thermal drift correction procedure by the software IndentAna-
lyser is presented in [63]. The main idea of this correction is the following. First, the thermal 
drift rate is determined by the linear fit to the measured change of depth of indenter penetration 
during normal hold period (see this period in Fig. 3.2) as is shown in Fig. 3.7. 
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Figure 3.7. Change of depth of indenter penetration during hold period. 
 
After that the correction of force-displacement curve is done by the software IndentAnalyser. 
The result of this correction can be observed in normal displacement-time curve. As an example 
two plots with and without thermal drift correction for the same single measurement are pre-
sented in Fig. 3.8. This figure shows that after thermal drift correction the normal displacement 
is less than 0.3 nm. It is less than the displacement resolution of the UMIS 2000 (see Table 3.1). 
The thermal drift can be determined at two different normal hold periods. First of all this can 
be made at the hold period after unloading to a fraction of maximum load (between 5 % and 30 
% of maximum load) (see Fig. 3.2a). Just this hold period is usually used for the thermal drift 
correction by the software IndentAnalyser. The result of this correction can be observed on so-
called T-Drift page of the software. However, for the force cycle presented in Fig. 3.2b there is 
no hold period after unloading to a fraction of maximum load. Thus, the second possibility for 
the determination of thermal drift is the hold period after loading at maximum normal load (see 
Fig. 3.2b). It should be noted that the normal hold period after loading is usually applied for the 
creep evaluation after the thermal drift correction by the software IndentAnalyser [63, 67]. Thus, 
the result of thermal drift correction can be observed on so-called Creep page of the software. 
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Figure 3.8. Normal displacement versus time during hold period. 
 
 
3.4.2. Zero point position 
 
The UMIS 2000 detects the surface position if the certain normal contact force is reached. 
For the investigations presented in this thesis the normal contact force was 5 µN. Even for such a 
small force a surface deformation occurs. Thus, this deformation must be corrected. 
The detailed description of the correction procedure by the software IndentAnalyser is pre-
sented in [63]. The main idea of this correction is the following. It is assumed that spherical tip 
can be described by the elastic Hertzian-like spherical contact. It should be also noted that the 
nominally pointed indenters are always rounded at the peak. For such a contact the loading curve 
for the first nanometers of contact can be described by the fit function 
2/3
0 )( hhCF −= ,    (3.4) 
where C is fit constant, h is the depth of indenter penetration. Thus, loading curve is shifted to 
the fit curve until the difference between fit and measurement data reaches a minimum. After 
that, the correction of force-displacement curve is done by the software using the evaluated shift 
of the zero position. 
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Chapter 4 Lateral force application during normal indentation by 
Lateral Force Unit (LFU) 
 
In this chapter the construction, principle of operation as well as procedure of lateral force 
and displacement evaluation are introduced. Moreover, the typical force cycles are shown and 
explained. The detail description of experimental curves is done. Furthermore, in the context of 
this chapter the evaluation of the LFU position for the installation on the UMIS 2000 stage is 
offered. The influence of the thermal drift correction on the quantitative parameters of normal 
displacement-time curves is also evaluated. 
 
 
4.1 LFU: Construction and principle of operation 
 
Lateral Force Unit (LFU) has been recently constructed by the ASMEC GmbH [10]. This 
tool combined with conventional nanoindenters allows applying lateral force simultaneously 
with normal load to a sample. The LFU construction is presented in Fig. 4.1. 
 
           
  
Figure 4.1. Lateral Force Unit: a) photo of hardware; b) schematic drawing (side view). 
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The principle of the LFU operation is the following. The piezo actuator, which is rigidly fas-
tened on the frame, is extended by the voltage application. In its turn the piezo actuator is con-
nected with frame 1. As the result the frame 1 is shifted. The frame 1 is connected with the shaft 
by two leaf springs. The deflection of these springs is determined by a linear variable differential 
transducer (so-called force LVDT). As the result the LFU force is measured with the help of 
known stiffness of these leaf springs. The force LVDT is rigidly fixed on the frame 1 and con-
nected with the LFU shaft. The shaft transmits the LFU force to the frame 2. The sample holder 
is fixed with the help of the check nut on the stage, which is rigidly connected with the frame 2. 
In its turn the frame 2 is fixed by four leaf springs on the main frame. Another LVDT (displace-
ment LVDT) is also rigidly fastened on the main frame and connected with frame 2. Thus, the 
displacement LVDT measures directly the lateral displacement of the frame 2 (the sample 
holder) in relation to the main frame. In ideal case the LFU force is applied in the frame 2 plane 
(X-Y plane). The positive change of the LFU force corresponds to the application of force in the 
direction of Y axis. The possible values of LFU force as well as lateral displacement are pre-
sented in Table 4.1. 
 
Table 4.1. LFU specification 
Force range ± 2000 mN 
Force resolution < 10 µN 
Displacement range  ± 35 µm 
Displacement resolution < 1 nm 
 
A lateral force is applied to a sample if the indenter is in contact with the sample surface. The 
sample itself is glued by wax to the sample holder (see Fig. 4.1b). Thus, the lateral force and 
LFU force are two separate forces, which are not equal to each other and have the opposite direc-
tions. In ideal case the lateral force is applied in the same plane as the LFU force, i.e. in the plane 
of the frame 2. However, as is shown below the situation is more complicated in reality. 
The LFU can be used in force and displacement control modes. Additionally the LFU can be 
used in closed and open loop modes at the force control. The closed loop mode was used in this 
work. This means that the LFU force is applied discontinuously. In the first 200 milliseconds 
after each lateral loading step the value of applied LFU force is checked and controlled at a pre-
defined level. 
It should be emphasized that the LFU is an unique device, which was built only for the Solid 
State Physics Department of the Chemnitz University of Technology. 
 
 
4.2 Installation of LFU: Determination of standard position 
 
The LFU has been installed on the stage of the UMIS 2000 under the indenter shaft (see Fig. 
3.1a). Determination of correct position of the LFU on the UMIS stage is one of the most impor-
tant tasks of measurement preparation. This position must be standard measuring position of the 
LFU for the application of lateral force in the direction, which is perpendicular to the direction of 
normal force application by the UMIS. 
 
 
4.2.1 Factors affecting measurements 
 
The normal and lateral forces are applied to the sample separately with the help of the UMIS 
and the LFU respectively. Therefore, many factors can influence the correctness of measure-
ments. The most possible of them are: 
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• slope of the UMIS indenter shaft with respect to sample surface (sample holder) and vice 
versa; 
• slope of the LFU frame (first of all slope of the frame 2 in Fig. 4.1b) with respect to sample 
surface (sample holder) and/or with respect to the UMIS indenter shaft; 
• non-parallel position of the UMIS stage and the LFU frame and/or sample surface (sample 
holder), which can lead to the slope of sample surface (sample holder) with respect to the 
UMIS indenter shaft; 
• slope of the UMIS indenter shaft with respect to the UMIS stage, which can also lead to the 
slope between the sample surface (sample holder) and the UMIS indenter shaft. 
It is evident that even minimal slope influences seriously the correctness of measurements on 
the nano- and micro-scale. 
All factors mentioned above lead to the slope between the UMIS indenter shaft and LFU 
plane, i.e. normal and lateral forces are not perpendicular to each other. It should be emphasized 
that the LFU plane is the plane, which is defined by the direction of lateral force action and X 
axis. In ideal case the LFU plane is parallel to the plane of the LFU frame and to the plane of the 
sample surface (sample holder) (see Fig. 4.1b). The influence of each of these factors cannot be 
satisfactorily separated and examined. However, the influence of all these factors can be mini-
mized. 
 
 
4.2.2 Experimental procedure 
 
For the investigation of minimization of influence of all factors mentioned above the differ-
ent inclinations of the LFU with respect to the UMIS stage were utilized. Certain constant nor-
mal force by the UMIS has been applied under the condition of zero LFU force. The inclination 
of the LFU has been realized from 0 to 4.12° with the step of 0.32° by means of the set of steel 
plates with the thickness of 0.5 mm (see Fig. 4.2). 
 
 
Figure 4.2. Sketch of LFU position on the UMIS stage (side view). The increase of the steel plates height L by the 
addition of the next steel plate of 0.5 mm thickness leads to the increase of the LFU inclination angle α by 0.32°. 
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The maximal possible normal force of 500 mN for the UMIS 2000 (see Table 3.1) has been 
applied for each LFU inclinations in accordance with the normal force cycle presented in Fig. 
4.3. The LFU has been used at the displacement control mode. The average fluctuation of the 
LFU force was about 2 mN. 
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Figure 4.3. Normal load cycle. Normal force increases linearly within 165 s from 0 to 500 mN. After that it immedi-
ately decreases within 165 s. 
 
 
4.2.3 Results and discussion 
 
As the result of normal force application the LFU undergoes a change of lateral force (see 
Fig. 4.4). 
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Figure 4.4. Lateral force versus lateral displacement under the condition that a LFU force is not applied. Parameter a 
is the maximal positive change of lateral force. Parameter b is the maximal negative change of lateral force. The 
lateral force is changed both at the normal loading (1) and normal unloading (2-3). 
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It should be noted that change of “lat-
eral force” implies change of “LFU 
force”. However, it is not correct to use 
both these names in the strict sense. In this 
experiment "LFU force” and, conse-
quently, “lateral force” are not applied. 
Only a normal force is applied by the 
UMIS. After that the LFU stage moves 
under the influence of the factors men-
tioned above. This leads to the detection 
of change of the LFU force value by the 
force LVDT. During the normal loading 
the lateral force increases up to the maxi-
mal value a (see Fig. 4.4). The reason of 
this increase is some slope of the UMIS 
indenter shaft with respect to the sample 
surface and, consequently, the LFU plane 
(see Fig. 4.5). During the normal unload-
ing the lateral force changes from the maximum positive value a to the maximum negative value 
b (see Fig. 4.4). After that the lateral force achieves zero. The most probable reason of such a 
behaviour is the bending of the UMIS indenter shaft in the result of normal force application 
under the angle to the sample surface. Thus, during the normal unloading the bending force is 
eliminated. As a result, the LFU stage moves to the negative direction of lateral force. 
Therefore, the measuring of change of lateral force at different LFU inclinations with re-
spect to the UMIS stage allows to find the most acceptable position of the LFU on the UMIS 
stage, which should be used for measurements by the LFU. Fig. 4.6 shows that the change of 
lateral force is the lowest at the LFU inclination angle of about 3.3°. 
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Figure 4.6. LFU force versus angle of LFU inclination 
 
Figure 4.5. Sketch of slope of the UMIS indenter shaft with 
respect to sample surface (side view). FL = P*sinα 
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 Moreover, at the angle of 3.3° the value of lateral force is less than 1 mN, i.e. this value is 
less than the average fluctuation of the LFU force under displacement control. Therefore, it can 
be suggested that the LFU inclination angle of 3.3° is the angle, which corresponds to zero slope 
of the UMIS indenter shaft with respect to the sample surface. Consequently, at zero LFU incli-
nation the slope of the UMIS indenter shaft with respect to the sample surface was equal to 3.3°. 
However, according to the simple geometrical presentation of normal and lateral forces in Fig. 
4.5 at zero LFU inclination (i.e. at 3.3° slope of the UMIS indenter shaft with respect to the sam-
ple surface) the value of lateral force a should be equal to 28.8 mN at the normal load of 500 
mN. In reality, at zero LFU inclination the lateral force a is equal to 12.6 mN (see Fig. 4.6). For 
this lateral force the slope of the UMIS indenter shaft with respect to the sample surface is 1.4°. 
This discrepancy of the values of lateral force at zero LFU inclination can be explained by slid-
ing of the indenter along sample surface. Because of the fact that considerable slope between the 
UMIS indenter shaft and sample surface leads to such a lateral force that the coefficient of static 
friction is exceeded. Therefore, lower value of detected lateral force at zero LFU inclination is 
observed. The sliding dominates at the minimum LFU inclination (i.e. at the maximum slopes of 
the UMIS indenter shaft with respect to the sample surface and, consequently, the LFU plane). 
 
4.2.4 Conclusions 
 
It was found that the LFU plane is inclined by 3.3° with respect to the UMIS indenter shaft. 
Thus, the most appropriate position for the combined application of normal and lateral forces is 
the LFU inclination by 3.3° with respect to the UMIS stage. As a result the inclination of LFU 
plane with the respect of the UMIS indenter shaft should be minimized. This allows to minimize 
the influence of different factors on measuring process. 
 
 
4.3 LFU force cycles 
 
The preparation of measurement parameters, initiation of lateral force application, represen-
tation of lateral loading-unloading process and further analysis of experimental data are realized 
by the special software LFU. It was developed by the ASMEC GmbH. 
 The preparation procedure of experiments consists of the creation of LFU force cycle. Using 
the software LFU different LFU force cycles can be utilized. As the examples, two cycles, which 
are used in the context of this thesis, are presented in Fig. 4.7. 
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Figure 4.7. LFU force cycles: a) with achievement of maximum positive and negative values of LFU force; b) with 
achievement of only positive value. 
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4.4 Determination of lateral force applied to sample and lateral displace-
ment of indenter 
 
The direct result of the LFU force application is LFU force-lateral displacement curve. As an 
example the LFU force-lateral displacement curve created by the LFU force cycle (see Fig. 4.7a) 
is shown in Fig. 4.8. 
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Figure 4.8. Typical LFU force-lateral displacement curve. 
 
By means of the software LFU the lateral force applied to a sample as well as lateral dis-
placement of indenter can be extracted from the experimental data presented in Fig. 4.8. 
 
 
4.4.1 Extraction of lateral force 
 
The applied LFU force is used for the deflection of four leaf springs, which are connected 
with the frame 2 (see Fig. 4.1b). Besides, it is applied to overcome the resistance to indenter lat-
eral displacement. The resistance to indenter sliding is defined by friction (both static and ki-
netic) between indenter and sample. Therefore, the lateral force is a friction force in contrast to 
the LFU force. 
The procedure of the extraction of lateral force from the experimental data is the following. 
The first step is the subtraction of so-called spring force, which is needed for the deflection of 
the leaf springs, from the value of the LFU force detected by the force LVDT. The spring force 
can be determined by means of known stiffness of springs and lateral displacement detected by 
the displacement LVDT. Thus, the lateral force 
springsLFUL FFF −= .     (4.1) 
After this subtraction the lateral force-displacement curve can be observed (see Fig. 4.9). 
 However, the determination of lateral force value by the presented lateral force-displacement 
curve is quite difficult because of slope of this curve. This slope connects with the factors men-
tioned in section 4.2. 
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Figure 4.9. Lateral force versus lateral displacement after spring force subtraction. 
 
Thus, the next step is the correction of lateral force-displacement dependence. This correc-
tion is realized by the fit of the curve presented in Fig. 4.9 and reference curve. This reference 
measurement is done without normal force application before the main measurements. For this 
purpose the LFU force cycle without initial hold period and less points of loading and unloading 
is utilized. As the result of the correction the shape of lateral force-displacement changes (see 
Fig. 4.10). Thus, the value of lateral force applied to a sample can be determined using presented 
procedures. 
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Figure 4.10. Lateral force versus lateral displacement after the correction by reference measurement utilization. 
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4.4.2 Extraction of lateral displacement 
 
At the beginning of lateral force application the indenter does not slide along sample surface 
because of adhesion. Thus, the lateral displacement should be not detected by the displacement 
LVDT. However, some lateral displacement occurs because of indenter shaft bending, which is 
defined by the lateral compliance of the UMIS 2000. Unfortunately, in the original design of the 
UMIS 2000 the lateral compliance is high. The bending of indenter shaft is proportional to the 
lateral force acting on the indenter tip. 
The correction of the lateral force displacement is done using the known value of the stiff-
ness of indenter shaft. Thus, the correct lateral displacement 
laterali
L
ectedLL S
Fhh
,
det, −= ,   (4.2) 
where hL,detected is the lateral displacement detected by the displacement LVDT, Si,lateral is the lat-
eral instrument stiffness. As a result, the shape of the lateral force-displacement curves changes 
again (see Fig. 4.11). 
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Figure 4.11. Lateral force versus lateral displacement after lateral displacement correction. This is typical lateral 
force-displacement curve after all corrections. 
 
Thus, the correct value of lateral displacement can be observed in lateral force-displacement 
curve after the procedure presented above. 
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4.5 Detailed description of experimental curves 
 
4.5.1 Choice of material and normal loads 
 
The borosilicate glass BK7 has been used for the investigation as the reference material with 
well-known mechanical properties. The yield strength of this material is 6.0 GPa at the Young’s 
modulus of 82 GPa and Poisson’s ratio of 0.21 [6]. 
Two normal forces of 30 and 100 mN have been chosen for the application. According to the 
experimental investigations by the loading-unloading cycle the 30 mN normal force corresponds 
to the elastic measurements at the normal indentation by the diamond spherical indenter with 7.4 
µm radius (see Fig. 4.12). The second normal force of 100 mN corresponds to the measurements 
with elastic-plastic deformation. 
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Figure 4.12. Normal load-displacement curves at the loading-unloading cycle (as an example see Fig. 3.2a). The 
black bold curve corresponds to the application of 30 mN normal force. The loading and unloading parts of this 
curve are in close agreement with each other as at the elastic indentation. The red thin curve corresponds to the ap-
plication of 100 mN normal force. This curve is obviously divided by two parts of loading and unloading as in the 
case of plastic deformation. 
 
Moreover, the maximum von Mises stress calculated by the software Elastica is equal to 5.8 
GPa at the normal load of 30 mN. This is slightly less than the yield strength for BK7 glass. For 
the 100 mN normal force the maximum von Mises stress is about 8.7 GPa, which is significantly 
more than the yield strength for BK7 glass. 
Thus, at the combined application of lateral force and 100 mN normal load the deformation 
must be elastic-plastic by its nature. On the other hand, the lateral measurements at 30 mN nor-
mal force can be either elastic or elastic-plastic depending on the lateral force value. 
 
4.5.2 Combined application of normal and lateral forces 
 
The normal and lateral forces have been applied according to the force cycles presented in 
Fig. 4.13 and 4.14 for the normal forces of 30 and 100 mN respectively. 
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Figure 4.13. Normal and LFU force cycles for the normal load of 30 mN. 
 
According to Fig. 4.13 the normal force increases linearly within 39 s up to the maximal 
value of 30 mN (1). When the maximal value of normal force is achieved the LFU force is im-
mediately started. The LFU force increases within 30 s linearly up to the maximal positive force 
of 500 mN (2) and decreases within 60 s linearly down to the maximal negative force of 500 mN 
(3-4-5). After that, the LFU force immediately increases linearly to zero within 30 s (6-7).  
 
0 60 120 180 240 300 360 420 480 540
-100
-80
-60
-40
-20
0
20
40
60
80
100
120
140
6-7
3-4-5
2
 
Fo
rc
e 
(m
N
)
Time (s)
  Normal force
  LFU force (x0.2)
1
 
Figure 4.14. Normal and LFU force cycles for the normal load of 100 mN. 
 
According to Fig. 4.14 the normal force increases linearly within 179 s up to the maximal 
value of 100 mN (1). When the maximal value of normal force is achieved the LFU force is im-
mediately started. The LFU force increases within 30 s linearly up to the maximal positive force 
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of 500 mN (2) and decreases within 60 s linearly down to the maximal negative force of 500 mN 
(3-4-5). After that the LFU force immediately increases linearly to zero within 30 s (6-7). 
 
 
4.5.3 Lateral force-displacement curves 
 
The presentation of the lateral force-displacement curves for the given above force cycles is 
done in Fig. 4.15. 
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Figure 4.15. Lateral force-displacement curves for the cases of application of the normal load of 30 mN and 100 
mN. The numeration of the parts of curves corresponds to the numeration in Fig. 4.13 and 4.14. 
 
The description of these curves is the following. The lateral force is zero during the initial 
lateral hold period (1). The normal loads are increased to their maximal values and kept constant 
afterwards. At the force control mode the scattering of lateral displacement data is observed near 
the zero position. The reason of such a behaviour can be the influence of the factors mentioned 
above, which leads to some displacement of the LFU stage at the normal force application. 
At the beginning of lateral loading (2) a lateral displacement is not observed due to the stick-
ing of indenter to sample surface. After that the indenter starts sliding along the surface. The 
lateral displacement and force increase up to their maximum positive values. Most probably, 
during the indenter sliding the elastic contact occurs at the normal load of 30 mN. On the other 
hand, the indenter slides with the plastic deformation of the sample surface at the normal load of 
100 mN. In contrast to the elastic contact the ploughing can be created on the sample surface at 
the plastic contact. The bending of the UMIS indenter shaft occurs at the beginning of this pe-
riod. 
At the beginning of lateral unloading (3) the indenter sticks to sample surface. The bending 
of the UMIS indenter shaft changes into opposite direction. The maximal positive lateral dis-
placement is constant until the lateral force in opposite direction is large enough to overcome the 
static friction. 
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At further lateral unloading (4) and (5)‡ the indenter slides through the zero position towards 
the maximum negative value of lateral displacement and force. The correct separation of these 
two parts of the curves is not trivial task, because the bending of the UMIS indenter shaft pre-
vents reaching the initial zero position. For the case of 100 mN normal load the lateral unloading 
(4) is finished at the lateral displacement of about 380 nm. During all periods the indenter slides 
without plastic deformation of the sample surface at the normal load of 30 mN. For the case of 
100 mN normal load application the situation is more sophisticated. During the lateral unloading 
(4) the indenter slides along the old track on the sample surface, which was plastically deformed 
during previous lateral loading (2). Thus, the indenter slides without plastic deformation at the 
lateral unloading (4) and again with plastic deformation during the lateral unloading (5). This is 
the reason why the value of lateral force for the part 4 is less than the value for the parts 5 and 2. 
At the beginning of final lateral unloading (6) the indenter sticks to sample surface. The 
bending of the UMIS indenter shaft changes in the opposite direction again. The maximal nega-
tive lateral displacement is constant until the opposite direction lateral force is large enough to 
overcome finally the static friction. 
At further lateral unloading (7) the indenter slides towards the zero position. The bending of 
the indenter shaft itself prevents again reaching the initial zero position. For the cases of both 
normal forces the elastic contact occurs during indenter sliding. For the case of 100 mN normal 
force the reason of the elastic contact is the same as mentioned above for the part 4. Moreover, 
the values of lateral force are the same as for the part 4. 
Thus, at the application of different normal forces the shape of lateral force-displacement 
curves is not always the same. For instance, in the case of 30 mN normal load the parts 2, 4, 5 
and 7 of curve correspond to the same values of lateral force. On the other hand, for the case of 
100 mN normal load the lateral force for parts 4 and 7 of curve is less than for the parts 2 and 5. 
Therefore, inequality of lateral force value for different parts of lateral force-displacement curves 
can be used for the detection of onset of plastic deformation. 
 
 
4.5.4 Normal displacement behaviour during and after lateral force application at con-
stant maximum normal load 
 
 As was shown in section 3.4.1 a change of normal displacement during the time of normal 
hold period at the maximum normal load (see Fig. 3.2b) can be observed. This change can be 
analysed by means of the Creep page of the software IndentAnalyser. Thus, it is also possible to 
use this page for the observation of normal displacement change both during and after lateral 
force application (see Fig. 4.16). 
According to Fig. 4.16 the parts of i, ii and iii of the normal displacement-time curves have 
the same shape as the LFU force cycles (see Fig. 4.13 and 4.14). This implies that at the lateral 
force application the normal displacement is determined by the factors mentioned in section 
4.2.1. As a result the following behaviour of the normal displacement-time curve is observed. 
During the lateral loading (i) the normal displacement increases up to 54 nm at the 30 mN 
normal load and 95 nm at the 100 mN normal load. At the end of lateral unloading (ii) the normal 
displacement decreases down to 54 nm at the 30 mN normal force and 48 nm at the 100 mN 
normal force. Therefore, the increase and decrease of the normal displacement are the same at 30 
mN normal load. Moreover, further final lateral unloading (iii) leads to zero normal displacement 
at the normal load of 30 mN. On the other hand, during final lateral unloading (iii) the normal 
displacement achieves the value of 68 nm at the normal load of 100 mN. The part (iv) allows to 
determine the residual normal deformation after the removal of the lateral force. Thus, the resid-
                                                 
‡ It should be noted that in fact during lateral unloading (5) the LFU force increasing occur in the opposite direction. 
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ual normal deformation is equal to zero at the normal load of 30 mN and 68 nm at the normal 
load of 100 mN. 
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Figure 4.16. Normal displacement versus time during normal hold period at the maximum normal load (after the 
thermal drift correction). The residual deformation is determined in the time interval after the removal of lateral 
force. At the normal force of 30 mN this time interval is found between 120 and 190 s. At the normal load of 100 
mN this time interval is found between 120 and 198 s. The difference by 8 s is connected with the some technical 
problems of the UMIS 2000 at the application of great normal forces. 
 
Therefore, besides the factors mentioned above the shape of normal displacement-time 
curves is determined by the nature of the contact between sample and indenter. At the elastic 
contact the absolute values of normal displacement change are the same during the lateral load-
ing and unloading. After the final unloading a residual normal deformation is not observed. At 
the plastic contact the absolute values of the normal displacement change are not the same at the 
end of lateral loading and unloading. The residual normal deformation is pronounced. 
Thus, the onset of plastic deformation can be detected by the observation of residual normal 
deformation in normal displacement-time curve. 
 
 
4.5.5. Conclusions 
 
It was established that the onset of plastic deformation can be detected by the observation of 
change of shape of lateral force-displacement curve together with appearance of residual normal 
deformation in normal displacement-time curve. 
 
 
4.6 Normal displacement-time curves after thermal drift correction 
 
In Fig. 4.16 the normal displacement-time curves are presented after the thermal drift correc-
tion procedure described in section 3.4.1. Thus, in this section the influence of the thermal drift 
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correction on the quantitative parameters of normal displacement-time curves at the lateral force 
application is evaluated. 
 
 
4.6.1 Experimental procedure 
 
The normal and lateral forces have been applied to fused silica sample by means of the dia-
mond spherical indenter with 60.0 µm radius. The normal and LFU force cycles are presented in 
Fig. 4.17. 
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Figure 4.17. Normal and lateral forces cycles. 
 
 According to Fig. 4.17 the normal force increases linearly within 115 s up to the maximal 
value of 100 mN. As soon as the maximal value of the normal force is achieved the LFU force is 
applied. The LFU force increases within 30 s linearly up to 500 mN and decreases within 30 s 
linearly to zero. 
Moreover, for comparison purposes only normal force was also applied to the sample accord-
ing to the normal force cycle presented in Fig. 4.17. 
 
 
4.6.2 Results and discussion 
 
As the result of lateral force application the normal displacement-time curves have been ob-
tained before and after thermal drift correction. Before the thermal drift corrections the curves 
have some slope to the negative direction of normal displacement (Fig 4.18a). This slope de-
pends on thermal drift rate. By thermal drift correction procedure described in section 3.4.1 the 
slope of the curves was excluded (Fig. 4.18b). The evaluation of the thermal drift was done in 
the time interval from 84 to 105 s. 
Two parameters can be taken for the comparison. The first one is a maximum normal dis-
placement of the curve with lateral force application with respect to the normal displacement of 
the curve without lateral application. The second one is a residual normal deformation for the 
curve with lateral force application with respect to the curve without lateral force application. 
According to Fig. 4.18 the maximum normal displacement at the lateral force application is 
the same before and after the thermal drift correction. It is equal to 29 nm. A residual normal 
deformation at the lateral force application is not observed in both cases because of elastic nature 
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of the measurements. Moreover, the determination of residual normal deformation and maximum 
normal displacement can be done easier with the thermal drift correction than without. As the 
result of the thermal drift correction these values can be calculated from zero normal displace-
ment. 
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Figure 4.18. Normal displacement versus time during normal hold period at the maximum normal load: a) before 
thermal drift correction; b) after thermal drift correction. 
 
 
4.6.3 Conclusions 
 
The utilization of the thermal drift correction procedure leads to the same quantitative pa-
rameters of normal displacement-time curves at the lateral force application as before the thermal 
drift correction. Moreover, the shape of these curves after the thermal drift correction is the most 
convenient for the determination of the parameters such as the maximal normal displacement and 
residual normal deformation. In spite of the fact that the mentioned above results are predictable 
for the routine procedure of thermal drift correction of nanoindentation data it was shown that 
this procedure can be also used for the simplification of analysis of data obtained by lateral force 
application. 
 
 
4.7 Summary 
 
The unique construction of the Lateral Force Unit allows applying lateral forces to the sam-
ple during normal indentation. Using the combination of the LFU with the commercial nanoin-
denter UMIS 2000 the lateral force-displacement as well as normal displacement-time curves 
can be obtained as the experimental results. The applied lateral and normal forces and displace-
ments can be independently determined with high resolution. Moreover, the lateral force change 
can be detected without lateral displacement. 
It was found that the most appropriate standard position for the combined application of 
normal and lateral forces is the LFU inclination by 3.3° with respect to the UMIS stage. It was 
established that using this LFU standard position the influence of different factors on the meas-
urement results can be minimized. 
It was also established that the shape of normal displacement-time curves is the most conven-
ient after the routine procedure of thermal drift correction for the simplification of the determina-
tion of such parameters as the maximal normal displacement at the lateral force application and 
residual normal deformation after the removal of lateral force. 
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It was found that the utilization of the LFU allows to detect the onset of plastic deformation 
by the observation of shape change of lateral force-displacement curve as well as the appearance 
of residual normal deformation in normal displacement-time curve (see also chapter 6). 
The high resolution of the LFU and the UMIS 2000 allows to detect any changes of force and 
displacement. Thus, crack formation can be also detected (for details see chapter 5). 
The friction behaviour of materials couples can be investigated because the lateral force is 
the friction force by nature. Moreover, the static friction force and, consequently, static friction 
coefficient can be measured due to the possibility of detection of lateral force change even with-
out lateral displacement (for details see chapter 7). 
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Chapter 5 Determination of critical tensile stress for crack forma-
tion in single-crystal sapphire 
 
Both single-crystal and polycrystalline aluminium dioxides are widely used as biomechanical 
materials, for instance, for dental implants [68, 69]. However, fracture in polycrystalline sapphire 
was investigated more comprehensively than in single-crystal sapphire [70]. For example, R-
curve cracking in alumina ceramic was studied in detail [71, 72]. 
 
 
5.1 Review of fracture investigations of single-crystal sapphire 
 
 
5.1.1 Detection of sapphire fracture 
 
The first active investigations of mechanical behaviour of single-crystal sapphire were per-
formed in the fifties-sixties of XXth century [73-75]. In the eighties sapphire was studied by 
means of indentation with Vickers indenter [76, 77]. As the result it was established that the in-
dentation is accompanied by three competitive damage processes: fracture, twinning and disloca-
tion plasticity [78]. 
Nanoindentation as the method of in situ detection of fracture by the observation of pop-in 
events in normal load-displacement curves (see section 2.1.5) was used for the investigation of 
single-crystal sapphire. One of the first investigations of deformation behaviour of sapphire by 
nanoindentaion with Berkovich indenter was done by Page et al. [79]. They detected two sudden 
displacement discontinuities in the load-displacement curve (see Fig. 5.1). 
 
 
 
Figure 5.1. Load-displacement curve for sapphire (0001) [79]. P1 is the first pop-in event, P2 is the second pop-in 
event. 
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The reasons of these discontinuities were examined by means of scanning (SEM) and trans-
mission (TEM) electron microscopy. Thus, the first discontinuity P1 is formed at the beginning 
of plastic deformation because of the dislocations nucleation during initial normal loading. After 
that, at higher normal loads the dislocation activity increases. This leads to the second disconti-
nuity P2 due to the fracture formation. 
Another combined approach for detection and definition of nature of pop-in events in single-
crystal sapphire was performed by Swain and Wittling [80]. It should be noted that acoustic 
emission (AE) events occur during nanoindentation. These AE events were measured by the spe-
cial detector, which was installed on the UMIS 2000 stage. In its turn the sample was attached to 
the top surface of the detector. After that, normal force was routinely applied by means of 
Berkovich and spherical indenters. As the result the comparison between AE and conventional 
normal force-displacement curves was done. It was established that the first discontinuity in both 
indentation and AE data is connected with the plastic deformation. The second discontinuity can 
be reason of cracking. This was also proved by SEM. 
It should be emphasized that some of the researchers explain all pop-in events detected in 
normal force-displacement curves as the result of plastic deformation by twinning [81, 82]. Ac-
cording to their conclusions pop-in just reflects the formation of initial twin in indented sapphire. 
However, they do not exclude the possibility of crack formation. 
Moreover, as was mentioned in section 2.1.5 the detection of pop-in events by nanoidenta-
tion is not a simple task itself. For instance, Thurn and Cook did not observe pop-in events in the 
normal load-displacement curves for sapphire [83]. They used Vickers indenter for macro-scale 
indentation and Berkovich indenter for nano-scale indentation (see Fig. 5.2). 
 
 
Figure 5.2. Load-displacement curves for sapphire [83]. (a) Nanoindentation was done for the loads of 10, 30, 100 
and 300 mN. (b) Macroindentation was done for the loads of 6.4, 20.4, 26.7 and 38.8 N. The extrapolated second-
order polynomial fit (dashed line) is transferred from figure (a) to figure. (b). 
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5.1.2 Determination of tensile stress for cracking 
 
Jung et al. proposed the fracture mechanics model for the initiation of radial crack from qua-
siplastic damage zones beneath sharp indenters [84]. For this approach detection of crack onset is 
not required. The strength of single-crystal sapphire was determined as the dependence on con-
tact dimension and indentation load for Berkovich and Vickers indenters (see Fig. 5.3). 
 
 
Figure 5.3. Strength versus indentation load and contact dimension for sapphire [84]. Solid curves are data fits. Ver-
tical band represents cracking threshold range. 
 
Thus, according to Fig. 5.3 the critical strength for crack formation in single-crystal sapphire 
( 2110 ) is about 1 GPa. 
Another method was performed by Azhdari and Nemat-Nasser [85]. This method used the 
notched sapphire samples. The notch was located on different crystallographic planes: (0001), 
( 2611 ), ( 0110 ), ( 0121 ). Therefore, the fracture was examined along different cleavage plane. 
The normal load was applied by means of the special device using thermal expansion of small 
block of steel, which was placed to notch of samples. FEM realized by ABAQUS code was used 
for the analysis of stress field in the samples and calculation of the critical tensile stress. Thus, it 
was establish that the critical tensile stress for crack formation in single-crystal sapphire is 7-15 
GPa. 
 
 
5.2 Failure detection by LFU 
 
5.2.1 Choice of normal load 
 
The bulk single-crystal sapphire (0001) sample was taken for the investigation. It has well 
known mechanical properties, i.e. the Young’s modulus of 420 GPa and yield strength of 28.0 
GPa at the Poisson’s ratio of 0.234 [86]. 
To decrease the probability of plastic deformation during lateral force application the normal 
load should be less than the critical value for plasticity onset at the normal indentation. On the 
other hand, this normal load should be enough for the achievement of the critical tensile stress 
for fracture formation. 
Chapter 5. Determination of critical tensile stress for crack formation in single-crystal sapphire 
 54
According to the von Mises stress simulation by the software Elastica the application of 400 
mN normal load to bulk sapphire sample corresponds to the elastic measurements at 10.5 µm 
diamond spherical indenter. The maximum von Mises stress is equal to 27.1 GPa, i.e. it is less 
than the yield strength of sapphire. 
The experimental application of this force by means of the loading-unloading cycle, which is 
similar to the cycle presented in Fig. 3.2a, confirms the elastic nature of measurements (see Fig. 
5.4). Thus, the normal load of 400 mN was used for the study of the fracture formation in single-
crystal sapphire. 
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Figure 5.4. Normal load-displacement curves. The loading part of curves completely agrees with the unloading part 
of curves as in the case of elastic deformation. 
 
 
5.2.2 Experimental procedure 
 
The normal and LFU forces were simultaneously applied to the sample according to the force 
cycles presented in Fig. 5.5. 
 
0 50 100 150 200 250 300 350 400 450 500
0
50
100
150
200
250
300
350
400
450
52-3-4
 
Fo
rc
e 
(m
N
)
Time (s)
  Normal force
  LFU force (x4)
1
 
Figure 5.5. Normal and LFU force cycles. 
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As is shown in Fig. 5.5 the normal force increases linearly within 75 s up to the maximal 
value of 400 mN (1). When the maximal value of normal force is achieved the LFU force is im-
mediately started. The LFU force increases within 120 s linearly up to 100 mN (2-3-4) and de-
creases within 120 s linearly to zero (5). 
 
 
5.2.3 Failure detection in lateral force-displacement curves 
 
As the result of the combined application of normal and lateral forces two types of lateral 
force-displacement curves have been obtained (see Fig. 5.6). 
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Figure 5.6. Lateral force-displacement curves. The sudden increasing of lateral displacement is observed for both 
curves in the dotted circle. The numeration of the parts of curves corresponds to the numeration in Fig. 5.5. 
 
The description of behaviour of these lateral force-displacement curves considerably differs 
from the description of standard curves presented in section 4.5.3. During the initial lateral hold 
period (1) the lateral force is kept zero. The normal load is increased to its maximal value of 400 
mN and kept constant afterwards. The significant shift of the zero position by 100 ± 5 nm in 
negative direction of lateral displacement axis and by 2.1 ± 0.1 mN in positive direction of lat-
eral force axis can be explained by the influence of the factors mentioned in section 4.2.1 at the 
significant normal load of 400 mN. 
At the beginning of lateral loading (2) a lateral displacement is not observed due to the stick-
ing of indenter to the sample surface. The bending of indenter shaft occurs at the beginning of 
this period. 
At the achievement of nominal lateral force of 16.8 ± 0.1 mN for both types of curves (3) the 
momentary increase of lateral displacement is observed in the direction of lateral force applica-
tion. The most probable explanation of this sudden significant increase of lateral displacement is 
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a failure. For both types of curves the absolute value of sudden lateral displacement is 250 ± 6 
nm. 
During further lateral loading (4) the behaviour of curves becomes different. For the curve of 
type 1 the lateral force rises up to the maximum value of 18.8 ± 0.1 mN without a significant 
lateral displacement. Thus, after the sudden increase of lateral displacement connected with the 
failure the indenter sticks again to the sample surface. As a proof of this assertion it should be 
noted that the ratio of lateral and normal forces of 0.047, which is achieved at the end of this 
period, is less than the static friction coefficient of 0.052 for sapphire against diamond (see Table 
7.1). On the other hand, during lateral displacement the lateral force of 12.9 ± 0.7 mN is ob-
served for the curve of type 2. The most probable explanation of such a behaviour is that after 
the failure the indenter slides along the sample surface. 
During the lateral unloading (5) the indenter sticks to the sample surface due to adhesion. A 
lateral displacement is not observed. The bending of indenter shaft changes in the opposite direc-
tion at the beginning of this period. Most probably, some slope of curve at this period as well as 
slope at period 2 has artificial nature. 
Thus, according to Fig. 5.6 the failure is detected at the application of lateral force of 14.7 ± 
0.1 mN, which is the difference between detected force of 16.8 ± 0.1 mN and force of 2.1 ± 0.1 
mN corresponding to the zero position of indenter. 
 
 
5.2.4 Failure detection in normal displacement-time curves 
 
As was mentioned in section 4.5.4 the normal displacement-time curves allow to get the ad-
ditional information about lateral force application. Thus, two normal displacement-time curves 
were obtained for both types of the lateral force-displacement curves presented above (see Fig. 
5.7). 
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Figure 5.7. Normal displacement versus time during normal hold period at the maximum normal load (after thermal 
drift correction). The sudden change of normal displacement is observed for both curves in the dotted oval. 
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Fig. 5.7 shows that during the lateral loading (i) the sudden increase of normal displacements 
(ii) by 61 ±1  nm and 52 ± 1 nm is observed for the curves of type 1 and 2 respectively. There-
fore, the failure observed in Fig. 5.6 occurs both in the direction of lateral and normal forces ap-
plication. It should be noted that the previous sudden decrease of normal displacement by about 
14 nm is detected for both types of curves. At the failure the bending of indenter shaft, which 
appears at the beginning of lateral force application as was mentioned above, decreases or disap-
pears at all. The reason is that indenter moves together with sample material at the point of fail-
ure event without overcoming friction force. As the result the decrease of normal displacement is 
observed. 
At further lateral loading (iii) the normal displacement increases up to the maximum value 
due to indenter sliding. Further lateral unloading (iv) leads to the decreasing of normal displace-
ment. However, after the removal of lateral force (v) the residual normal deformation is observed 
because of initial failure at lateral loading. It should be remarked that the value of residual de-
formation for both types of curves is less than the sudden increase of normal displacement during 
the lateral loading. The residual normal deformation is 50 ± 1 nm for the curve of type 1 and 27 
± 1 nm for the curve of type 2. 
 
 
5.2.5 Conclusions 
 
The failure can be detected by the observation of sudden change of lateral displacement in 
lateral force-displacement curve together with normal displacement in normal displacement-time 
curve. It was established that in the investigated example the critical lateral force for the failure 
is 14.7 ± 0.1 mN at the normal load of 400 mN. 
 
 
5.3 Detection of failure by repeated applications of lateral force 
 
By repeated applications of combined normal and lateral forces to the same point on sample 
surface the parameters of failure change. Thus, this can make possible to obtain additional in-
formation about nature of this failure. 
 
 
5.3.1 Experimental procedure 
 
The repeated measurements of sapphire sample were performed by means of 10.5 µm dia-
mond spherical indenter, i.e. by the same indenter as in previous section. However, the applied 
normal load was decreased to 300 mN in order to exclude the results presented in previous sec-
tion and, consequently, to extend the possibilities for further analysis. As was mentioned in pre-
vious section the normal load of 400 mN corresponds to the elastic measurements (see Fig. 5.4). 
Thus, the application of lower normal force of 300 mN should also lead to the elastic measure-
ments. 
The normal load of 300 mN and LFU force of 100 mN were simultaneously applied to the 
sapphire sample as is shown in Fig. 5.8. According to Fig. 5.8 the normal force increases linearly 
within 74 s up to the maximal value of 300 mN. When the maximal value of normal force is 
achieved the LFU force is immediately started. The LFU force increases within 120 s linearly up 
to 100 mN and decreases within 120 s linearly to zero. 
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Figure 5.8. Normal and LFU force cycles. 
 
 
5.3.2 Results and discussion 
 
As the result of the repeated applications of normal and lateral forces to the same point on the 
sample surface the lateral force-displacement curves of type 2 have been obtained according to 
the classification presented in previous section (see Fig. 5.9). 
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Figure 5.9. Lateral force-displacement curves obtained by the repeated applications of normal and lateral forces to 
the same point on sapphire surface. Initial zero position is 91 nm and -1.5 mN for the first measurement, 75 nm and 
-1.2 mN for the second measurement, 22 nm and -0.3 mN for the third measurement. As was mentioned above the 
shift of initial zero position is conditioned at the factors presented in section 4.2.1. 
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Fig. 5.9 shows that each consequent application of lateral force leads to the decrease of value 
of critical lateral force at the failure detection. The nominal value of lateral force decreases from 
11.7 mN for the first measurement down to 9.9 mN for the second one and 9.2 mN for the third 
one. The error of measurements is ± 0.1 mN. Consequently, the real value of critical lateral 
force, which includes the value of lateral force at the initial zero position, decreases from 13.2 ± 
0.1 mN for the first measurement down to 11.1 ± 0.1 mN for the second one and 9.5 ± 0.1 mN 
for the third one. 
Assuming that the reason of failure is the crack formation the decrease of critical lateral force 
at repeated applications of normal and lateral forces can be explained in relatively simple way. 
Just after formation the crack closes at the unloading as was presented in Fig. 2.10 for the 
mechanism of Hertzian cone crack. At repeated second and third measurements the crack re-
opens by lower lateral forces since the crack was already formed. 
 
 
5.3.3 Conclusions 
 
It was established that in the investigated example at the normal load of 300 mN the critical 
lateral force for the failure is equal to 13.2 ± 0.1 mN. By repeated applications of these forces to 
the same point on sample surface the decrease of critical lateral force is observed. It was as-
sumed that the most probable reason of this failure is the crack formation. 
 
 
5.4 Comparison of tensile and von Mises stress 
 
As was assumed in previous section the most probable nature of failure is cracking. Another 
reason of failure is the onset of plastic deformation as was offered by Page et al. for the explana-
tion of first pop-in event in the normal load-displacement curve (see Fig. 5.1). A third reason, 
namely phase transformation, can be excluded in the case of single-crystal sapphire. 
The comparison of change of tensile and von Mises stresses allows to determine the nature of 
failure at the detected critical lateral forces. 
 
 
5.4.1 300 mN normal load 
 
Using the software Elastica the normal and von Mises stresses distributions were obtained at 
the critical lateral forces of 13.2 mN for the first detection and the normal load of 300 mN (see 
Fig. 5.10). Fig. 5.10a shows that at the mentioned conditions the tensile stress increases by 2.75 
GPa (41.1 %) and achieves the value of 9.46 GPa. On the other hand, the von Mises stress rises 
only by 0.02 GPa (less than 0.1 %) and achieves the value of 24.62 GPa (see Fig. 5.10b). More-
over, in any case the achieved von Misses stress is less than the value of yield strength of 28.0 
GPa for sapphire. Therefore, just crack is the most probable reason of failure at the normal load 
of 300 mN. 
 
 
5.4.2 400 mN normal load 
 
In its turn the normal and von Mises stresses distributions were obtained at the critical lateral 
forces of 14.7 mN for the normal load of 400 mN (see Fig. 5.11). At these forces the tensile 
stress and von Mises stresses increase by 2.53 (34.2 %) and 0.01 GPa (less than 0.1 %) and 
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amount to 9.90 and 27.09 GPa respectively. Thus, plastic deformation cannot be reason of the 
failure because of insignificant increase of von Mises stress at the application of critical lateral 
force for the failure event. Furthermore, the achieved value of von Misses stress is less than the 
yield strength for sapphire. On the other hand, the value of tensile stress at the detected critical 
lateral force increases more than thirty percent. Therefore, the crack formation is the most prob-
able reason of failure at the normal load of 400 mN as well as 300 mN normal force. 
 
 
 
Figure 5.10. Distribution of stresses at the normal load of 300 mN and lateral force of 13.2 mN: a) normal stress 
along the sapphire surface (positive values correspond to tensile stress); b) von Mises stress in sapphire sample. 
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Figure 5.11. Distribution of stresses at the normal load of 400 mN and lateral force of 14.7 mN: a) normal stress 
along the sapphire surface (positive values correspond to tensile stress); b) von Mises stress in sapphire sample. 
 
 
5.4.3 Conclusions 
 
The most probable reason of failure is the crack formation. The critical tensile stress for the 
crack formation for single-crystal sapphire (0001) is 9.68 ± 0.22 GPa. It should be emphasized 
that this value is in a good agreement with the critical tensile stress of 7-15 GPa for single-crystal 
sapphire determined by Azhdari and Nemat-Nasser [85]. 
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5.5 Summary and outlook 
 
The combined application of normal and lateral forces allows to detect the failure as sudden 
increase of lateral displacement in lateral force-displacement curve together with normal dis-
placement in normal displacement-time curve. This was done for single-crystal sapphire (0001). 
The observation of decrease of the critical lateral force by means of the repeated applications of 
normal and lateral forces to the same point on sapphire surface allows to assume that the crack 
formation is the reason of failure. 
Further analysis shows that the increase of von Mises stress is less than 0.1 % at the applica-
tion of detected critical lateral forces. Moreover, the evaluated values of von Mises stress are less 
than the yield strength for sapphire. Thus, onset of plastic deformation cannot be reason of fail-
ure. On the other hand, the tensile stress increases significantly (by more than one third) at the 
application of detected critical lateral forces. Therefore, just cracking is the reason of failure. 
Thus, for the first time the crack formation in single-crystal sapphire was detected in situ. 
The critical tensile stress for the crack formation in single-crystal sapphire (0001) was deter-
mined as 9.68 ± 0.22 GPa. This value corresponds to the critical tensile stress obtained by other 
methods. 
In future additional investigations of critical tensile stress for the crack formation in single-
crystal sapphire (0001) at different indenter radii can be done for the comparison with the results 
obtained at 10.5 µm diamond spherical indenter. This can allow to analyse the influence of con-
tact area on the crack formation. 
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Chapter 6 Comparison of yield strength values of silicon dioxide 
coatings determined by different contact mechanical 
methods 
 
As was shown in section 4.5 the combined application of normal and lateral forces by means 
of the LFU allows to detect the onset of plastic deformation. Another possibility for the detection 
of onset of plastic deformation is the loading-partial unloading method presented in section 
2.1.3. In this chapter the comparison of yield strength obtained on the basis of these contact me-
chanical approaches is offered. It should be noted that the silicon dioxide film was chosen for 
this comparison because of its importance for MEMS utilizations. 
 
 
6.1 SiO2 coatings as protective layers 
 
Many different materials such as single-crystal silicon, polycrystalline silicon, silicon nitride, 
polycrystalline germanium, polycrystalline silicon-germanium, gold, aluminium, nickel-iron, 
titanium-nickel, silicon carbide, diamond, gallium arsenide, indium phosphide, indium arsenide, 
lead zirconate titanate, polymide, parylene, and etc. are used for microelectromechanical systems 
[87-90]. However, silicon dioxide (SiO2) is the most widely used material. 
Namely SiO2 is most frequently utilized as sacrificial layer for polysilicon surface micro-
machining. Silicon dioxide is also used as etch mask for dry etching of thick polysilicon films, 
since it is chemically resistant to dry etching process for polysilicon. SiO2 coatings are widely 
used as passivation layers on the surfaces of environmentally sensitive devices. Moreover, high 
electrically isolating properties [91] and low thermal conductivity [92] of silicon dioxide also 
find a wide application for MEMS. 
Investigators place also high emphasis on mechanical and tribological properties of SiO2 as 
MEMS material for the protection against deformations and decreasing of friction [52]. 
It should be noted that mechanical properties of SiO2 coatings has been studied earlier [93, 
94]. The yield strength of silicon dioxide films as well as fused silica was determined by Chu-
doba et al. [15]. They used the loading-partial unloading method for the detection of onset of 
plastic deformation described in detail in section 2.1.3 (see Fig. 2.4). The critical von Mises 
stress was calculated for each material at the same Young’s modulus of 72 GPa by means of the 
software Elastica, which realizes Schwarzer theoretical model described in detail in section 
2.1.4. It was found that the yield strength for silicon dioxide films is equal to about 7.8 GPa in 
contrast to the yield strength of 7.2 GPa for fused silica. 
Using the combination of the loading-partial unloading method of indentation and Schwarzer 
theoretical approach the silicon dioxide coatings with thickness of 1 µm on silicon and BK7 
glass substrates were also investigated by Chudoba et al. [95]. It was established that the yield 
strength of silicon dioxide films is 5.6 GPa independently of substrate at the coatings Young’s 
modulus of 65.5 GPa. 
 
 
6.2 Detection of onset of plastic deformation of silicon dioxide film by LFU 
 
 In this thesis context the silicon dioxide film with thickness of 951 nm has been investigated. 
It was deposited by chemical vapour deposition (CVD) on silicon substrate by the Center for 
Microtechnologies (ZfM) of Chemnitz University of Technology. It was established by means of 
Chapter 6. Comparison of yield strength values of silicon dioxide coatings determined by differ-
ent contact mechanical methods 
 64
the spherical indentation and further analysis by the software Elastica that the Young’s modulus 
of coating is 70 GPa at the Poisson’s ratio of 0.17. It is somewhat lower than the elastic modulus 
of 72 GPa for fused silica. The Young’s modulus of silicon substrate is 165 GPa at the Poisson’s 
ratio of 0.224. 
 
 
6.2.1 Experimental procedure 
 
As was mentioned above Chudoba et al. established that the yield strength of bulk silicon di-
oxide (fused silica) is about 7.2 GPa. Using this value as the critical value of von Mises stress for 
the onset of plastic deformation in 951 nm silicon dioxide film at 10.5 µm diamond spherical 
indenter the normal forces were chosen by the software Elastica. They are 50, 60, 70, 80 and 90 
mN. In theory, some of these normal forces should correspond either to elastic indentation or to 
elastic-plastic indentation. These normal forces were applied to the sample by means of the 
UMIS simultaneously with the LFU force of 100 mN. The LFU force was applied immediately 
after the normal loading during the normal hold period. Fig. 6.1 presents the example of the cy-
cles for the LFU force of 100 mN and normal load of 30 mN. The same force cycles were used 
for other normal forces. 
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Figure 6.1. Normal and LFU force cycles for the normal load of 50 mN. 
 
The normal force increases linearly within 54 s up to the maximal value of 50 mN (within 
55, 56, 57, 58 s up to 60, 70, 80, 90 mN respectively) (1). As soon as the maximal value of nor-
mal force is achieved the LFU force is immediately started. The LFU force increases within 20 s 
linearly up to the maximal positive force of 100 mN (2) and decreases within 40 s linearly down 
to the maximal negative force of 100 mN (3-4-5). After that, the LFU force immediately in-
creases linearly to zero within 20 s (6-7). 
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6.2.2 Results and discussion 
 
As the result of the combined application of normal and LFU forces the lateral force-
displacement curves together with the normal displacement-time curves have been obtained (see 
Fig. 6.2 and 6.3). 
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Figure 6.2. Lateral force-displacement curves at the application of different normal forces. The numeration of parts 
of curves corresponds to the numeration in Fig. 6.1. 
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Fig. 6.3. Normal displacement versus time during normal hold period at the maximum normal load (after thermal 
drift correction). The region for the determination of residual normal deformation (iv) is situated between 82 and 
102s (the reason of the displacement by 2s is that the LFU measurements are started by hand). The detailed explana-
tion of numeration is presented in section 4.5.4. 
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As was shown in section 4.5 the absolute values of lateral force for parts 2, 5 and 4, 7 of lat-
eral force-displacement curves do not correspond to each other at the onset of plastic deforma-
tion. Fig. 6.2 shows that the lateral force for the mentioned above parts of curve for 50 mN nor-
mal load corresponds to 1.8 ± 0.1 mN. Thus, for this normal load onset of plastic deformation is 
not observed. On the other hand, the discordance between different parts of the lateral force-
displacement curves is pronounced at the normal load of 60 mN. For the parts 2 and 5 the maxi-
mum lateral force is equal to 2.7 ± 0.1 mN, while for the parts 4 and 7 it is equal to 2.2 ± 0.1 mN. 
Thus, at the normal load of 60 mN the lateral force of 2.7 mN can be taken as the critical force 
for the onset of plastic deformation in the investigated example. 
Furthermore, the onset of plastic deformation can be also detected as appearance of residual 
normal deformation in normal displacement-time curve after the removal of lateral force. Ac-
cording to Fig. 6.3 the residual normal deformations are 0.2, 1.2, 1.9, 4.3 and 7.3 nm at the nor-
mal load of 50, 60, 70, 80 and 90 mN respectively. The error of evaluation of these residual 
normal deformations is less than 5 %. The residual normal deformation of 0.2 nm at the normal 
load of 50 mN can be neglected because this value is less than the UMIS 2000 displacement 
resolution (see Table 3.1). Thus, residual normal deformation is not observed at 50 mN normal 
load. On the other hand, the residual normal deformation can be distinguished at the normal load 
of 60 mN.  
It should be noted that according to Fig. 6.2 the value of critical normal load for the onset of 
plastic deformation can be found between 50 and 60 mN. However, the residual normal defor-
mations presented in Fig. 6.3 allow to assert that the critical normal load should be closer to 60 
than to 50 mN. Thus, the normal load of 60 mN can be recognized as the critical normal load for 
the onset of plastic deformation. 
 
 
6.2.3 Conclusions 
 
The onset of plastic deformation in silicon dioxide film with 951 nm thickness was detected 
in lateral force-displacement and normal displacement-time curves. The critical values of normal 
and lateral forces in the investigated example were evaluated as 60 and 2.7 mN respectively. 
 
 
6.3 Detection of onset of plastic deformation of silicon dioxide film by load-
ing-partial unloading method 
 
6.3.1 Experimental procedure 
 
As in previous section the same 10.5 µm diamond spherical indenter was used for the inves-
tigation of 951 nm silicon dioxide film by the loading-partial unloading method. The normal 
force has been applied to the sample according to the force cycle presented in Fig. 6.4. The 
maximum normal load of 120 mN is achieved by sixty step-by-step loads and, consequently, 
partial unloads with the square root progression. After each loading the normal force is decreased 
down to 30 % of its value (partial unloading). 
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Figure 6.4. Normal loading-partial unloading cycle. 
 
 
6.3.2 Results and discussion 
 
As the result of the loading-partial unloading indentation of 951 nm silicon dioxide film the 
normal force-displacement curve has been obtained (see Fig. 6.5). 
 
 
Figure 6.5. Normal loading-partial unloading curve (average of 10 measurements). 
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It was detected that the disagreement between loading and unloading curves is observed be-
tween two unloading points, which correspond to 17.9 and 18.8 mN. The average value of 18.4 ± 
0.5 mN can be used as the critical magnitude because one can not precisely decide at which 
unloading point the plasticity starts. This value corresponds to 61.3 ± 0.5 mN normal force of the 
loading curve. 
 
 
6.3.3 Conclusions 
 
The onset of plastic deformation of silicon dioxide film with thickness of 951 nm was de-
tected by the loading-partial unloading method. The normal load of 61.3 ± 0.5 mN was deter-
mined as the critical normal force for the onset of plastic deformation in the investigated exam-
ple. 
 
 
6.4 Yield strength of silicon dioxide film: determination and comparison 
 
As was mentioned the Young’s modulus of silicon dioxide film is 70 GPa at the Poisson’s ra-
tio of 0.17. Using these parameters and the critical values of lateral and normal forces for the 
onset of plastic deformation determined by both contact mechanical methods in previous sec-
tions the distribution of von Mises stress was constructed by the software Elastica (see Fig. 6.6). 
 
Figure 6.6. Distributions of von Misses stress in silicon dioxide film with thickness of 951 nm on silicon substrate. 
They are constructed for the critical normal and lateral forces of 60 and 2.7 mN determined by the combined appli-
cation of normal and lateral forces and for the critical lateral force of 61.3 mN determined by the loading-partial 
unloading method. Young’s modulus of film and substrate is 70 and 165 GPa respectively. Poisson’s ratio is 0.17 
for silicon dioxide and 0.224 for silicon. Radius of diamond spherical tip is 10.5 µm. 
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For the first method of combined application of normal and lateral forces the critical von 
Mises stress was determined as 6.81 GPa. The critical von Mises stress of 6.85 GPa was found 
for the second approach of loading-partial unloading indentation. The value of yield strength 
calculated by the utilization of critical normal and lateral forces determined by the first method is 
less by 0.6 % than the value obtained by using only critical normal load determined by the sec-
ond method. Thus, the yield strength of silicon dioxide film evaluated for the first method is in a 
good agreement with the value of yield strength determined for the second one. Therefore, the 
average value of yield strength for 951 nm silicon dioxide film is 6.83 ± 0.02 GPa. It should be 
noted that this value is in a good agreement with the yield strength of silicon dioxide film as well 
as fused silica obtained by Chudoba et al. in [15, 95]. 
 
 
6.5 Summary and outlook 
 
The onset of plastic deformation in silicon dioxide film with thickness of 951 nm on silicon 
substrate was detected by two different contact mechanical methods: the combined application of 
normal and lateral forces and the loading-partial unloading approach of nanoindentation. The 
comparison of critical von Mises stress evaluated by the utilization of the detected critical forces 
for the onset of plastic deformation shows that the values of yield strength determined by both 
methods are in a good agreement with each other. Thus, it was established that the yield strength 
of silicone dioxide coating is 6.83 ± 0.02 GPa. 
 The possibility to detect the onset of plastic deformation in coating by the combined applica-
tion of normal and lateral forces can allow to detect the beginning of plasticity for very thin and 
hard coating on soft substrate, i.e. to overcome the difficulty mentioned in introduction of this 
thesis. In theory, the application of lateral force allows to redistribute the maximum von Mises 
stress in coated material from substrate to coating. The increase of lateral force can lead to the 
achievement of critical von Mises stress and, consequently, to the beginning of plastic deforma-
tion in coating. However, this can be possible only for couples of film-indenter with relatively 
large friction coefficient. The investigation of onset of plastic deformation can be done in future 
if very thin and hard films with appropriate friction coefficient are found. The comparison of the 
values of yield strength obtained by two contact mechanical methods allows to conclude that the 
yield strength determined by the method of combined application of normal and lateral forces is 
realistic. Thus, the attempt to determinate the yield strength of very thin and hard films can be 
performed by this method too. 
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Chapter 7 Investigation of static friction on the micro-scale 
 
As was shown in section 2.2.3 static friction evaluation is not a trivial task of tribological in-
vestigations on the micro-scale. Moreover, the influence of normal force on static friction and, 
consequently, static friction coefficient was not sufficiently studied. Thus, the combined applica-
tion of normal and lateral forces by the LFU allows to extend the possibilities of friction behav-
iour investigation on the micro-scale. 
 
 
7.1 Evaluation of static friction force and static friction coefficient 
 
The possibility of the LFU application for the evaluation of static friction behaviour of mate-
rials couples is presented by the example of investigation of DLC-film with thickness of 295 nm 
against 10.5 µm diamond spherical indenter. This DLC coating was deposited on the silicon sub-
strate at the Fraunhofer Institute for Material and Beam Technology (IWS) in Dresden. 
 
 
7.1.1 Choice of normal load 
 
The normal force of 60 mN has been applied to the sample by the standard loading-unloading 
cycle, which is similar to the cycle presented in Fig. 3.2a. It was established that the indentation 
at the normal load of 60 mN corresponds to the elastic measurements (see Fig. 7.1). 
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Figure 7.1. Normal force-displacement curves. The loading part of curves completely agrees with the unloading part 
of curves as in the case of elastic deformation. 
 
It was also determined that the contact depth of indenter penetration is 103 ± 2 nm (see ex-
pression 2.6), i.e. it is less than the film thickness. 
Thus, the normal load of 60 mN was chosen for the investigation of static friction behaviour 
of DLC-film against 10.5µm diamond spherical indenter. 
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7.1.2 Experimental procedure 
 
The LFU measurements have been done in such a way that the lateral force has been applied 
during the normal hold period after the normal loading, i.e. at the constant maximal normal force 
(see Fig. 7.2). 
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Figure 7.2. Normal and LFU force cycles. 
 
The normal force increases linearly within 55 s up to the maximal value of 60 mN (1). When 
the maximal value of normal force is achieved the LFU force is immediately started. The LFU 
force increases within 120 s linearly up to 100 mN (2-3) and decreases within 120 s linearly to 
zero (4-5). 
 
 
7.1.3 Results and discussion 
 
As the result the lateral force-displacement curve has been obtained as the average of five 
measurements (see Fig. 7.3). The description of this curve is following. 
During the initial lateral hold period (1) lateral force is zero. The normal load is increased to 
its maximal value of 60 mN and kept constant afterwards. The shift of the lateral zero position is 
observed because of the factors mentioned in section 4.2.1. Thus, the lateral zero position corre-
sponds to 11 nm and 0.08 mN before the application of lateral force. 
At the beginning of lateral loading (2) lateral displacement is not observed due to adhesion of 
indenter on the sample surface. Thus, the static friction force Fst.fr. can be determined taking into 
account the force value for the initial zero position. Hence, the static friction force for the couple 
of DLC-film and 10.5 µm diamond indenter is 2.45 ± 0.11 mN. It should be emphasized that the 
static friction can be measured only if the beginning of indenter sliding is observed at the end of 
this period. Note, the initial bending of the UMIS indenter shaft occurs also during this period.  
At further lateral loading (3) approximate constant lateral force occurs during lateral dis-
placement. The indenter slides along the surface. Most probably, during the sliding the elastic 
contact occurs. The lateral displacement increases up to the maximum value of about 1.24 µm. 
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Figure 7.3. Lateral force-displacement curve (the average of 5 measurements). The numeration of the parts of curve 
corresponds to the numeration in Fig. 7.2. 
 
At the beginning of lateral unloading (4) the indenter sticks to the surface. The maximal lat-
eral displacement is the constant as long as oppositely directed lateral force is large enough to 
overcome the static friction. During this period the bending of the UMIS indenter shaft changes 
in the opposite direction. 
At further lateral unloading (5) approximately the same constant lateral force occurs during 
reverse lateral displacement as in period 3. The indenter slides towards the zero position. Most 
probably, the indenter slides along the sample surface without plastic deformation. The bending 
of the indenter shaft itself prevents reaching the initial zero position. 
In its turn the detection of static friction force allows to calculate the static friction coefficient 
as the ratio of detected static friction force and maximum applied normal force, i.e. 
     
max
..
P
F frst
static =µ      (7.1) 
 Hence, for DLC-film with thickness of 295 nm the average static friction coefficient against 
diamond is equal to 0.041. In its turn the calculated values of static friction coefficient for each 
of five measurements allow to determine the error range for average value. Thus, the error of 
evaluation of the static friction coefficient of DLC-film against diamond is ± 0.002. 
According to experimental procedure described above the static friction coefficient was in-
vestigated as the most appropriate tribological parameter of contacting bodies for several coat-
ings and bulk materials against diamond, tungsten carbide and sapphire spherical indenters with 
different radii (see Table 7.1). It should be noted that in Table 7.1 the applied normal forces and 
indenter radii, at which the friction force was measured, are indicated. This should be done be-
cause as was mentioned in section 2.2 the values of normal force and indenter radius influence 
the static friction parameters, namely friction force and friction coefficient. It should be empha-
sized that the applied normal forces were chosen in such a way that the values of these normal 
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loads are less than those for the onset of plasticity. Thus, all data presented in Table 7.1 were 
obtained at the elastic contact. 
 
Table 7.1. Static friction coefficients measured by LFU 
Sample material Bulk/Film 
thickness (nm) 
Indenter material Indenter radius 
(µm) 
Normal load 
(mN) 
Static friction coef-
ficient 
diamond 10.5 135 0.041 ± 0.002 
sapphire 7.5 60 0.086 ± 0.008 
Fused silica bulk 
tungsten carbide 9.9 100 0.078 ± 0.004 
diamond 10.5 70 0.046 ± 0.002 
sapphire 7.5 45 0.074 ± 0.007 
BK7 glass bulk 
tungsten carbide 9.9 60 0.092 ± 0.009 
Sapphire (0001) bulk diamond 10.5 100 0.052 ± 0.004 
890 60 0.050 ± 0.005 SiO2-films 
951 
diamond 10.5 
100 0.053 ± 0.005 
205 60 0.044 ± 0.003 DLC-films 
295 
diamond 10.5 
60 0.041 ± 0.002 
CrN0.88-film 300 diamond 60.0 200 0.045 ± 0.003 
 
According to Table 7.1 the static friction coefficients correspond to typical value of friction 
coefficient on the micro-scale [34, 96]. 
The largest values of friction coefficient are achieved by the utilization of tungsten carbide 
and sapphire indenter. However, the reason of achievement of these largest values is not evident. 
Only one of the external factors presented in section 2.2.1, for example, chemical bond of mate-
rials cannot be the major and single reason of these values. By the diamond indenters the largest 
friction coefficient is obtained for silicon dioxide films. This value is more by 24 % than static 
friction coefficient for fused silica. It should be noted that taking into account the error range the 
friction coefficient for the coatings with different thicknesses is the same. The error of friction 
coefficient is 5-10 %. 
 
 
7.1.4 Conclusions 
 
The application of the combined normal and lateral forces allows to investigate the micro-
scale friction behaviour between indenter and sample materials. It is realized by the detection of 
sliding start at the lateral loading. As the result static friction force and static friction coefficient 
are determined with the error of 5-10 %. The static friction coefficients were evaluated between 
different bulk and coated materials and diamond, sapphire and tungsten carbide spherical indent-
ers with different radii. 
 
 
7.2 Effect of normal load on static friction 
 
The influence of normal load on static friction between two reference bulk materials, namely 
fused silica and BK7 glass, and 10.5 µm diamond spherical indenter was studied. These materi-
als have well-known mechanical properties, namely Young’s modulus of 72 and 81 GPa and 
Poisson’s ratio of 0.17 and 0.21 as well as yield strength of 7.2 and 6.0 GPa for fused silica and 
BK7 glass respectively. 
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7.2.1 Experimental procedure 
 
Using the mechanical parameters of the mentioned above reference materials the normal 
forces were chosen by the software Elastica. They were chosen in such a way that the measure-
ments were performed by elastic and plastic contacts. The selected normal forces were 50, 70, 
90, 110, 130, 150, 170, 190, 210, 230 and 250 mN for fused silica and 50, 60, 70, 80, 90, 100, 
110, 130 and 150 mN for BK7 glass. The elastic normal indentation occurred up to 135 mN for 
fused silica and up to 70 mN for BK7 glass. The standard loading-unloading (see section 3.2.1) 
and loading-partial unloading (see section 3.2.2) measurements confirm these values as the criti-
cal normal loads for the onset of plastic deformation. All normal forces were applied to the sam-
ples by means of the UMIS simultaneously with the LFU force of 100 mN according to the force 
cycles presented in Fig. 7.4 and 7.5 for fused silica and BK7 glass respectively. 
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Figure 7.4. Normal and LFU force cycles for fused silica. 
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Figure 7.5. Normal and LFU force cycles for BK7 glass. 
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According to Fig. 7.4 the normal force increases linearly within 39 s up to the maximal value 
of 30 mN (within 41, 62, 63, 65, 66, 67, 68, 69, 70, 71, 72 s up to 50, 70, 90, 110, 130, 150, 170, 
190, 210, 230, 250 mN respectively) (1). As soon as the maximal value of normal force is 
achieved the LFU force is immediately started. The LFU force increases within 40 s linearly up 
to the maximal force of 100 mN (2). After that, the LFU force immediately increases linearly to 
zero within 40 s (3). 
According to Fig. 7.5 the normal force increases linearly within 55 s up to the maximal value 
of 50 mN (within 58, 59, 59, 59, 60, 62, 63, 64 s up to 60, 70, 80, 90, 100, 110, 130, 150 mN 
respectively) (1). When the maximal value of normal force is achieved the LFU force is immedi-
ately started. The LFU force increases within 40 s linearly up to the maximal force of 100 mN 
(2). After that, the LFU force immediately increases linearly to zero within 40 s (3). 
 
 
7.2.2 Results and discussion 
 
For the measuring of static friction force the experimental procedure described in section 
7.1.3 was used. According to the this procedure the static friction forces for fused silica against 
diamond spherical indenter of 10.5 µm radius were determined at the normal loads given above. 
As the result the dependence of static friction force on normal load was obtained (see Fig. 7.6). 
 
40 60 80 100 120 140 160 180 200 220 240 260
1.6
2.4
3.2
4.0
4.8
5.6
6.4
7.2
8.0
8.8
Fused Silica
Region B
 
St
at
ic
 fr
ic
tio
n 
fo
rc
e 
(m
N
)
Normal load (mN)
Region A
 
Figure 7.6. Detected static friction force versus applied normal load for fused silica at 10.5 µm indenter radius. Red 
and blue dash lines are the fit lines for the data. 
 
Fig. 7.6 shows that the fit line for the data in the region A is sloped to a greater extend than 
the fit line for the data in the region B. The bend of curve is found between normal load of 110 
and 130 mN. As is known the decrease of slope leads to the decrease of ratio of static friction 
force and normal load, i.e. it leads to the decrease of static friction coefficient (see Fig. 7.7). 
According to Fig. 7.7 the increase of normal load in the region A leads to the significant in-
crease of friction coefficient by about 50 %. The maximum friction coefficients of 0.041-0.042 
are achieved at the normal forces of 110 and 130 mN. After that, in the region B the value of 
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friction coefficient decreases by about 26 % down to the value of 0.031 at the normal load of 210 
mN. At further increase of normal load this value is kept about the constant.  
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Figure 7.7. Evaluated static friction coefficient versus normal load for fused silica. 
 
Thus, the static friction coefficient for fused silica against 10.5 µm diamond spherical in-
denter achieves the maximum value at the normal loads of 110-130 mN. These loads are very 
close to the critical value of normal force of 135 mN for the onset of plastic deformation in this 
material by the same sphere. Consequently, the plastic contact between indenter and surface 
sample occurs in the region B. 
Consider the dependence of friction coefficient on normal force presented in Fig. 7.7 from 
the point of view of the adhesion and deformation components of friction mentioned in section 
2.2.1. In theory, the deformation component of friction increases at rise of normal load because 
of extension of the real contact area [34, 35]. Most probably, the increase of static friction coeffi-
cient observed in the region A is connected with the increase of deformation component, al-
though the adhesion component decreases. The deformation component should also increase in 
the region B. However, after achievement of the maximum value at the normal forces of 110-130 
mN the friction coefficient decreases. Probably, the decrease of adhesion component is more 
pronounced in the region B. This can be the reason of reducing of static friction coefficient. After 
the normal load of 210 mN the compensation of influence of deformation and adhesive compo-
nents on the static friction is observed. It should be noted that if unregistered crack formation 
occurs then the situation with the explanation of friction behaviour on the basis of redistribution 
of influence of adhesion and deformation components is more complicated. 
For BK7 glass the dependence of static friction force on normal load was also obtained (see 
Fig. 7.8). In contrast to Fig. 7.6 for fused silica appreciable change of curve slope is not observed 
for BK7 glass in Fig. 7.8. The static friction force rises relatively monotonically at the increase 
of normal load. However, Fig. 7.9 shows the change of static friction coefficient at the normal 
force increase. 
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Figure 7.8. Detected static friction force versus applied normal load for BK7 glass at 10.5 µm indenter radius. 
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Figure 7.9. Evaluated static friction coefficient versus normal load for BK7 glass. 
 
According to Fig. 7.9 the friction coefficient of 0.052 at the normal load of 50 mN decreases 
to the values of 0.046-0.047 at the normal loads of 60-80 mN. After that the friction coefficient 
decreases to 0.041-0.042 at the normal force of 90 mN. It is kept constant during further increase 
of normal force up to the load of 150 mN. 
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Thus, the static friction coefficient for BK7 glass against 10.5 µm diamond spherical indenter 
achieves the minimum value at the normal load of 90 mN. This normal load is close to the criti-
cal value of normal force of 70 mN for the onset of plastic deformation in this material. 
If to consider the behaviour of static friction coefficient for BK7 glass from the point of view 
of the deformation and adhesion components of friction as was already done for fused silica then 
the following conclusions can be offered. The adhesion component plays more serious role for 
the materials couple of BK7 glass and 10.5 µm diamond spherical indenter than for the materials 
couple of fused silica and the same indenter. Thus, this leads to the decrease of friction coeffi-
cient (see Fig. 7.9). Probably, in the region of plastic contacts the compensation of influence of 
deformation and adhesion components occurs. As the result the friction coefficient is kept con-
stant after the normal load of 90 mN. 
 
 
7.2.3. Conclusions 
 
It was established that the influence of normal load on static friction is individual for each 
materials couple. However, it was observed that just onset of plastic deformation leads to a sig-
nificant change of value of static friction coefficient. 
 
 
7.3 Summary and outlook 
 
The combined application of normal and lateral forces allows to determine the friction pa-
rameters, namely static friction force and static friction coefficient of materials couples, on the 
micro-scale with the error of 5-10 %. The static friction coefficients for fused silica, BK7 glass, 
single-crystal sapphire (0001) as well as SiO2, DLC and CrN0.88 coatings with different indenter 
radii were evaluated against diamond, tungsten carbide and sapphire spherical indenters with 
different radii. 
The effect of normal load on static friction of fused silica and BK7 glass against 10.5 µm 
diamond spherical indenter was investigated. It was shown that the influence of normal load on 
static friction is individual for each materials couple. However, just onset of plastic deformation 
leads to a significant change of static friction coefficient value. 
In future the influence of different indenter radii on static friction can be investigated. This 
should allow to analyse the influence of contact area on static friction. Moreover, the effect of 
other external factors presented in section 2.2.1 can be investigated in detail. 
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Chapter 8 Conclusions and outlooks 
 
 
Last years many contact mechanical methods were developed for the investigation of me-
chanical properties and tribological behaviour of material on the micro- and nano-scale. How-
ever, some problems and disadvantages of these methods are kept up to now. The combined ap-
plication of normal and lateral forces allows to extend the possibilities of conventional contact 
mechanical approaches for investigations of mechanical properties and tribological behaviour of 
bulk and coated materials. Due to the unique construction of the Lateral Force Unit the lateral 
force can be applied to the sample during normal indentation by the commercial nanoindenter 
UMIS 2000. Thus, the presented thesis reports the detailed study of the LFU capabilities for the 
determination of mechanical properties and tribological behavior on the micro-scale. 
 
As the result of evaluation of the LFU the following conclusions about operation and analy-
sis of experimental data were obtained. 
• It was found that the LFU plane is inclined by 3.3° with respect to the UMIS indenter shaft. 
Thus, the most appropriate position for the combined application of normal and lateral forces 
is the LFU inclination by 3.3° with respect to the UMIS stage. As a result the inclination of 
LFU plane with the respect of the UMIS indenter shaft should be minimized. This position 
was defined as the standard position. It allows to minimize the influence of different factors 
on the measuring process. 
• It was shown that the shape of normal displacement-time curves is the most appropriate for 
the simplification of determination of such parameters as the maximal normal displacement 
at the lateral force application and the residual normal deformation after the removal of lat-
eral force after the procedure of thermal drift correction. 
 
It was found that the following problems of contact mechanical methods can be solved by the 
combined application of normal and lateral forces. 
• The crack formation can be detected as the observation of sudden change of lateral and nor-
mal displacements in lateral force-displacement and normal displacement-time curves re-
spectively. These investigations were performed for single-crystal sapphire (0001). Failure 
was detected in the sample at the lateral force application. The observation of decrease of 
critical lateral force for failure by the repeated applications of normal and lateral forces to the 
same point on sapphire surface allowed to assume that just crack was the reason of failure. 
Further analysis showed that plastic deformation could not be the reason of failure. As was 
established the tensile stress increases by more than one third at the application of lateral 
force. Therefore, just crack is the reason of failure. It should be noted that for the first time 
the crack in single-crystal sapphire was detected by the contact mechanical method in situ. 
Using the detected critical forces the critical tensile stress of 9.68 ± 0.22 GPa for the crack 
formation in single-crystal sapphire (0001) was determined. This value corresponds to the 
critical tensile stress obtained by other methods. 
• The onset of plastic deformation can be detected by the observation of shape change of lat-
eral force-displacement curve together with the appearance of residual normal deformation in 
normal displacement-time curve. These investigations were done for bulk BK7 glass and sili-
con dioxide film with thickness of 951 nm on silicon substrate. Moreover, for the comparison 
of results the investigation of onset of plastic deformation in silicon dioxide film was also 
performed by the standard loading-partial unloading method of nanoindentation. It was found 
that the values of yield strength of the investigated coating obtained by these two contact me-
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chanical approaches are in a good agreement each other. It was established that the value of 
this yield strength is 6.83 ± 0.02 GPa. 
• The static friction of materials couples can be evaluated by the analysis of lateral force-
displacement curves with the error of 5-10 %. The static friction coefficients for fused silica, 
BK7 glass, single-crystal sapphire (0001) as well as SiO2, DLC and CrN0.08 coatings were 
determined against diamond, tungsten carbide and sapphire spherical indenter with different 
radii. The effect of normal load on static friction for fused silica and BK7 glass against the 
same diamond spherical indenter was also under consideration. It was shown that the influ-
ence of normal load on static friction is individual for each materials couple. However, just 
onset of plastic deformation leads to a significant change of static friction. 
 
In future the originality of measuring system, suitable models for theoretical simulation as 
well as the results presented in this thesis allow to attract the attention to the solution of the fol-
lowing tasks. 
• For the analysis of influence of contact area on the crack formation by the combined applica-
tion of normal and lateral forces the investigations can be done by means of indenters with 
different indenter radii. Single-crystal sapphire (0001), for which the critical tensile stress 
was evaluated in this thesis, can be used for these investigations. 
• As was shown the combined application of normal and lateral forces can allow to detect the 
onset of plastic deformation for very thin and hard coatings at the appropriate friction coeffi-
cient between film surface and indenter. Consequently, the detection of critical normal and 
lateral forces for the onset of plastic deformation in those coatings can allow to determine 
correctly yield strength. 
• By analogy with the investigation of the influence of normal load on the static friction the 
study of influence of indenter radius can be done. As a result the analysis of influence of con-
tact area on static friction can be performed. Moreover, the influence of other external factors 
mentioned in this thesis on static friction can be investigated in detail. 
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